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ABSTRACT
Developments in laboratory testing equipment and techniques and advanced soil models
have changed the world of geotechnical design and analysis. In conjunction with the high
capability of computers, the design and analysis of engineering projects tend to include
more complicated computer analysis, especially for large engineering projects. Soil models
have become more complex and the selection of model input parameters which control the
prediction results, are not as straightforward and simple as before.
This thesis presents a general framework for selecting soil model input parameters. The
framework is developed to provide guidelines on how to obtain reliable and representative
input parameters of soil models for both general and specific cases. The MIT-E3 effective
stress soil model is selected to use in this thesis because of its capability of modeling
complex soil behavior. Totally nine best quality test results are selected from a series of
triaxial tests as a reference for the model input parameter selections and for comparisons of
the prediction results. The Strain Path Method (SPM) is utilized to predict the strain history
caused by the standard Shelby Tube sampling. The proposed Sampling Disturbance
Simulation combines the strain history predicted by the SPM with the hydrostatic swelling
at the end of shear stress release process to account for more realistic simulation.
This thesis serves as the first development of the general framework for soil model input
parameter selection procedure by incorporating the Sample Disturbance Simulation
processes into the advanced soil model simulations. Hence, the comparable simulation
results can be achieved and used to obtain appropriate input parameters for uses in the
engineering design and analysis.
Thesis Supervisor: John T. Germaine
Title: Principal Research Associate
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Chapter 1
Introduction
1.1 Problem Statement
One of the most challenging problems for the geotechnical profession is the
prediction of ground movement. Incorporated with complex soil behavior and usually very
small allowance in the predictions, the task becomes very difficult. The problem is much
more difficult when dealing with a large-scale project in the urban area where the ground
deformation is the most concerning issue. There are numerous efforts in the development
of advanced laboratory testing techniques (i.e., Sheahan, 1991, Santagata, 1998) and soil
models (i.e., Kavvadas, 1982, Whittle, 1987, Pestana, 1994) to help describe and enhance
the prediction capability of the geotechnical profession.
Nevertheless, precise predictions can only be achieved when careful investigation
of soil behavior and appropriate uses of soil models including an appropriate selection of
model input parameters are employed. The calibration or the method of selecting a set of
representative input parameters for the soil model used in the engineering projects has now
become a very important issue. The input parameters, essentially, control the predicted
results and therefore the appropriate set of input parameters is required in order to obtain
reliable predictions for use in the engineering projects.
For a complicated and advanced soil model, the input parameters are separated into
two categories: 1) direct input parameters and 2) Indirect input parameters. The direct input
parameters can be directly obtained from the interpretation of a set of reliable laboratory
tests while the indirect input parameters can only be obtained via a parametric study using
the element simulation program. While the input parameters play an important role in the
prediction of ground movement, there is no established rational framework for soil model
input parameter selection procedures.
The existing method of selection of input parameter is ambiguous especially for the
consolidation behavior simulations of natural soils. The initial state of stress is subjectively
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selected and no sampling disturbance effect is assessed in the existing method. Based on
the existing method, the input parameters are obtained from appropriate laboratory tests
(for those can be obtained directly) and from suitable parametric studies based on the
conventional simulation procedure (for those cannot be obtained directly from the
laboratory tests). The conventional simulation assumes no Sampling Disturbance effects in
the simulation process. The simulation is, generally, start with the element consolidation
along the Virgin Compression Line (VCL) and then follows K-unloading to the selected
octahedral effective stress prior performs the consolidation simulation. The starting point
of the consolidation simulation (after K-unloading) is subjectively selected and limited by
the capability of the selected model to predict the overconsolidated behavior of soils.
1.2 Research Objectives
The overall objective of this research is to develop a rational framework of soil
model input parameter selection to account for the Sampling Disturbance effects. The
Sampling Disturbance processes are incorporated into the element simulation program to
simulate the strain (or stress) history that the soil specimen experienced prior to laboratory
testing. The Strain Path Method (SPM) (Baligh, 1985) is utilized to predict the strain
history due the standard Shelby Tube sampling processes. The complete strain history used
in this research combines the ideal tube sample processes with the hydrostatic swelling
after shear stress release process to account for more realistic soil behaviors.
The MIT-E3 effective stress soil model (Whittle, 1987) is used throughout the
research in the element simulation program. The model is selected based on its capability
in modeling the complex soil behavior including changes in anisotropic directions and
behaviors in the lightly to moderately overconsolidated range (OCRs of 2 to 4).
This research program is also designed to extend the database of natural Boston
Blue Clay properties and the understanding of its behaviors. The natural Boston Blue clay
samples used in this research were obtained from 1-95 site, Saugus, Massachusetts
(Varney, 1998). The site has been the MIT testing site since the mid-1960's. Series of
triaxial tests are performed in this research to investigate the stress-strain-strength behavior
of the natural Boston Blue Clay. Totally, nine best quality tests are selected to use in this
research as a reference for the MIT-E3 soil model. All specimens used in the triaxial tests
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performed in this research are equipped with the Small Strain Measurement devices
(Santagata, 1998) to investigate the soil behavior at the small strain region.
1.3 Thesis Organization
The research began with the investigation of natural Boston Blue Clay behavior
through a series of triaxial tests following the SHANSEP1 technique, which is-used as a
standard of testing at MIT Geotechnical Laboratory. All samples were obtained from 1-95
site, Saugus, Massachusetts because the soil data and behavior of natural BBC at this site
are well defined and studied. Background of the research is presented in Chapter 2
including the fundamental properties of natural BBC and soil profile, brief background of
MIT-E3 soil model, and the basic theory of sampling disturbances and their effects on the
compressibility and shearing behavior of soils.
Chapter 3 presents details of triaxial test procedures and results of the test program.
A series of triaxial tests were performed and nine of the best quality tests are selected for
the simulations. Two methods of quality assessment are used in this research. Terzaghi et
al., 1996 proposes the first method investigating the strain at the insitu vertical effective
stress versus the elevation. While the method is simple and can be adapted easily, it can
yield misleading evaluation of the sample disturbance especially for the nearly normally
consolidated soils (OCRs of 1.0 to 1.5) at depth. A proposed assessment technique is
presented which bases the quality of specimens on the variation of strain at in situ vertical
effective stress with OCR. Detail discussions on both techniques are provided in the
Chapter 3.
All test specimens are equipped with the Small Strain Measurement devices (SSM)
to investigate the soil behaviors at the small strain region (Ea of 0.0001% an higher) and the
results are used in the development of the framework for MIT-E3 soil model. Three
samples from each layer are used for the analyses. Two samples were tested in the mode of
Ko-Consolidation Undrained Triaxial Compression and Ko-Consolidation Undrained
Extension test on normally consolidated sample. The third specimen was tested in Ko-
SHANSEP is "Stress History And Normalized Soil Engineering Properties" (Ladd and Foott, 1974).
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Consolidation Undrained Compression on overconsolidated sample (OCR's of 2). The soil
profile used in this research was adopted from Morrison, 1984.
Chapter 4 provides details of developments to the element simulation program. The
element simulation program was developed at MIT for use in the evaluation of soil models
and for the parametric study to obtain a set of representative input parameters. The
theoretical basis of the sampling disturbance are provided in this chapter including the
concept of ideal tube sampling processes (Baligh, 1985), actual tube sampling processes
(Ladd and Lambe, 1963), and the proposed complete steps used in this research for all
simulations. The new subroutine for Sample Disturbance Simulation is discussed with
other important modifications of the computer program.
Chapter 5 presents the formulation of MIT-E3 soil model and the simulation
results. Extensive discussions on the effects of each input parameter used in MIT-E3 soil
model on the predicted consolidation and undrained shearing behaviors are provided in the
Chapter. The simulation results serve as references for the development of framework for
soil model input parameter selection procedures.
Chapter 6 presents the generalized framework for soil model input parameter
selection procedures. The specific framework for MIT-E3 soil model is also provided in
this chapter based on the extensive simulation results performed by the new proposed
element simulation processes.
Discussion and conclusion of this research are provided in Chapter 7 with
recommendations for further research to gain better understanding of natural clay behavior
and framework for soil model input parameter selection procedures.
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Chapter 2
Background
This chapter presents the background of the 1-95 site where there has been a MIT
Geotechnical testing site for the past four decades. The samples for this laboratory test
program are obtained from the site in 1997 (Varney et al., 1997). Extensive tests have been
performed to improve understanding of soil behavior and as a part of database collections
for research purposes.
2.1 Background of 1-95 Site
The 1-95 site has been the MIT testing site since the mid-1960's. The site is
approximately 10 miles North of MIT, located in the Rumney Marsh at the southern town
line in Saugus, Massachusetts. The MIT Geotechnical group originally became involved
with the site during the design phase for extending Interstate highway, 1-95, through the
Metropolitan Boston. Instrumentation programs were conducted at Station 246 and 263
from 1967-1969 to monitor the deformation during the construction process. A Field Vane
and laboratory testing programs were conducted by MIT and the soil properties were used
in a prediction symposium, which held at MIT in 1974. The symposium included full
scale loading to failure of the Station 263 where the fill was obtained from Station 246.
Profession predictions of the embankment failure from many well-known geotechnical
research groups served as a benchmark for the state of the profession.
Over the past 20 years, MIT has returned to the test site to evaluate new devices
and collect soil samples. To prepare the site for field investigation and soil sampling, a 18
to 24 inch thick sand mat was placed over the marsh peat deposits to the East of the
embankment at Station 246 and to the West of the embankment at Station 263. The sand
mats served as working platforms for a number of field investigations over the past 20
years. The sand mat at Station 246 was extended to the North, increasing the area available
for field testing in the early of 1980s.
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A detailed plan of the northern extension of the Station 246 site is presented in
Figure 2.1 including the locations of the boreholes for soil sampling. The plan also
includes the two manholes, which connect to the original instrumentation tunnel. These
manholes serve as the reference makers for the site. The soil sampling program was
conducted on the northern end of the extended mat at the Station 246. The undisturbed
samples were obtained from Boring B-96 and used in this research for three series of
triaxial tests (Varney et al., 1997). All elevations referred to in this research are referenced
to the 1929 NGVD (National Geodetic Vertical Datum) datum.
2.2 Soil Profile and Summary of Soil Properties of The Natural
Boston Blue Clay
This section provides the summary of the soil properties and soil profile used in
this research. The first three sections describe the BBC properties categorized into 1)
fundamental properties including water content profile (uncorrected and corrected), salt
concentration profile and total unit weight profile, 2) preconsolidation pressure and 3)
compressibility and normally consolidated coefficient of consolidation. The sections
summarize the soil properties based on both the prior data (Ladd et al, 1994) and the
relatively new data (from Varney, 1998 and this research). The last section provides the
brief descriptions of the soil profile selected as the reference for this research.
2.2.1 Fundamental Properties of The Natural Boston Blue Clay
The fundamental properties of natural BBC at 1-95 site including Atterberg limit
and salt concentration are performed on samples from every tube (Varney, 1998). The
Boston Blue Clay can be categorized as a low plasticity clay (CL as shown in Figure 2.2)
based on the Unified Soil Classification System (USCS). The plasticity index varies
between 15 to 30% and is lower and more variable in the upper 50 ft.
Figure 2.3 presents the water content profile at the site with the Plastic and Liquid
Limit. Due to the salt concentration in the water, the water contents must be corrected
since the salt in the pore fluid affects the engineering and index properties of the clays.
Figure 2.4 shows the salt concentration profile at the site. Salt concentration of the clays is
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highest at the upper crust and decrease with decreasing elevation. The corrected water
content can be obtained based on the salt concentration and measured water content, by
ASTM D2216-92, based on equation (2.1).
w' = .(2.1)
1C -+W
Where w' is the corrected water content [%]
w is the measured water content from the specimens [%]
C is the salt concentration in the specimen [gil]
yc is the unit weight of salt [g/cc]
The Plastic and Liquid Limit are also affected from the salt concentration and can
also be corrected by the equation (2.1). Figure 2.5 presents the corrected water content
from salt concentration with Atterberg limit plotted versus elevation. The water contents
are increasing with depth starting from approximately 38% at the -5m elevation and
increasing gradually reaching nearly constant values of 50% at -15 m elevation.
Figure 2.6 presents the summary of the total unit weight of the natural BBC at the
site (Varney, 1998). The total unit weight of the BBC is in the range of 1.77 to 1.85 g/cc
vary with elevation. The proposed line used in the in situ stress calculation is also
presented in the Figure.
2.2.2 Preconsolidation Pressure
Natural Boston Blue Clay at the 1-95 site has been very well studied over the past
30 years. Extensive summary of soil properties at this site was presented by Ladd et al.
(1994). The preconsolidation profile from Ladd et al. is presented in Figure 2.7a. The
profile was obtained from the prior data at the site before 1994.
As shown in Figure 2.7a, some of preconsolidation pressures obtained from the
1966 and 1980 oedometer tests lie below the vertical effective stress line, which indicates
the high degree of disturbance of the samples. The resulting preconsolidation pressures are
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also highly scattered both in the overconsolidated and nearly normally consolidated range,
above and below approximately -22 m elevation, respectively.
The most recent testing program at MIT, using automated controlled testing
system, yielded a valuable set of data obtained from Constant Rate of Strain tests (CRSC
tests). The data from the tests were collected by Data Acquisition System (DAQ), which
resulted in the continuous data collection giving better defined and more reliable results as
compared to the discrete data collection in the past. The preconsolidation profile was better
defined. Figure 2.7b shows the preconsolidation pressure profile obtained from the CRSC
and TX tests. The CRSC test results are used to compare with the triaxial testing results
obtained from this research. While CRSC tests yield valuable data of consolidation
behavior, the triaxial tests give both consolidation and stress-strain-strength behavior.
Complete soil behaviors of 1-95 site can be achieved upon combining all test results and
consider the prior data. Figure 2.8 presents the summary of OCR profile based on the data
from CRSC tests (data from Varney, 1998) and triaxial tests (data from this research).
2.2.3 Compressibility and Coefficient of Consolidation
Figure 2.9 presents the summary of the compressibility of the BBC in terms of
maximum compression ratio (CRmax). Figure 2.9a shows the profile of CRmax based on data
from Ladd et al, 1994 and other prior data. The CRmax profile indicates that the
compressibility gradually increases with depth. Figure 2.9b presents the profiles of
Recompression Ratio at the in situ vertical effective stress (RR) and CRmax obtained from
the CRSC tests (data from Varney, 1998) and triaxial tests (data from this research). The
trend of the CRmax profile is similar to that of Figure 2.9a except at the elevation below
elevation -22.00 m where the new data indicates lower and fairly constant with depth
values of CRmax. It should be noted that there are two points in Figure 2.9b, which CRmax
are much differ from the general trend (noted as point A and B in the Figure). The
deviations may be caused by the local variability of the natural BBC.
Figure 2.10 presents the normally consolidated coefficient of consolidation
(Cv(NC)) based on data from Ladd et al. and other prior data. Figure 2.10(a) shows the
Cv(NC) profile based on the data from Ladd et al. The Cv(NC) are quite scattered in the
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upper crust (at elevation higher than -12.00 m) while they are more consistent below the
elevation -12.00 m.
Figure 2.10(b) presents the more recent C(NC) profile based on the data obtained
from Varney, 1998. The CV(NC) presented in the Figure are selected based on the vertical
effective stress of 10 ksc. In overall, the C(NC) profile is less scatter in the elevation
lower than -12.00 m. The trend is, essentially, the same except that the Cv(NC) values are
a little bit higher than those presented by Ladd et al. This may be caused by the-difference
in the selecting of the reference vertical effective stress.
2.2.4 Soil Profile
The soil profile used in this research is based on Morrison, 1984. The soil profile
was selected for use in triaxial and previous CRSC tests. The profile is based on a number
of the field and sampling programs performed by Morrison as the part of the study of shaft
capacity of axial loaded piles driven in clay. Figure 2.11 presents the soil profile with the
location of undisturbed samples (Varney et al., 1997) for this laboratory test program. The
samples used in the triaxial testing program in this research are obtained from the layer C,
D and E, based on the Morrison proposed soil profile. The selected layer covers a range of
OCR ranging from approximately 1.1 to 3.0 where the coefficients of consolidation, C.,
are quite consistent.
2.3 MIT-E3 Soil Model
The MIT-E3 soil model is an effective stress soil model, which can describe
behavior of normally to moderately overconsolidated clays (OCRs up to 4). The model is
formulated based on three key elements namely 1) elasto-plasticity, 2) Hysteretic model,
and 3) Bounding Surface model. Consideration of some of the key model formulations is
discussed in Chapter 4. Figure 2.12 shows yield surface for normally consolidated clays
used in MIT-E3 effective stress soil model.
The model was developed at MIT to predict the behavior of clays (normally to
moderately overconsolidated) under cyclic loading conditions (Whittle, 1987). The model
has been investigated and evaluated comprehensively for its representation of shearing
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behavior (DeGroot, 1989 and Whittle, 1990b, Seah, 1990). However, little information
exists regarding the accuracy of the predicted consolidation behavior. Therefore, the
simulations performed in this research focus on consolidation behavior and will serve as a
database for evaluations of the model on the predictive capability of consolidation behavior
of natural BBC.
2.4 Sampling Disturbance
Table 2.1 summarizes the sources of disturbance, which can occur during sampling
of cohesive soils from a drill hole. The sampling disturbance changes the soil so that the
laboratory measured properties are different from the in situ properties. Sampling
Disturbance causes a reduction in the peak undrained strength, an increase in the drained
compressibility during recompression, and a decrease in the virgin compression ratio.
These effects can lead to serious misinterpretation of field behavior. Figure 2.13 shows the
schematic drawing illustrating the effects from sampling disturbance on the undrained
shearing behavior while Figure 2.14 presents its effects on the drained compressibility.
The development of special sampling techniques (i.e., the Sherbrooke 250 mm
diameter block sampler, Lefebvre and Poulin (1979), and the Laval 200 mm diameter
overcored tube sampler, La Rochelle et al. (1981)), to obtain extremely high quality
samples shows significant differences in drained compressibility and peak triaxial strength
(drained and undrained) as compared to those from conventional fixed piston samples,
Jamiolkowski et al. (1995). However, these large diameter samplers are either too
expensive for most geotechnical investigations or are not feasible for very deep sampling
and for offshore exploration. Moreover, other sources like those associated with stress
relief, and especially the outgassing problem often encountered in deep water deposits, are
impossible to minimize without taking extreme measures.
Given the above constraints, most sampling programs must employ procedures that
may yield samples of less than ideal quality. Hence, practicing engineers need techniques
for assessing the sample quality and knowledge of testing techniques that might be employ
to minimize the adverse effects of sample disturbance, Jamiolkowski et al. (1995).
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Numerous efforts have been employed to study the effects of sampling disturbance
both theoretically (Baligh et al., 1987) and practically (Santagata, 1994). Ladd and Lambe,
1963, proposed a hypothetical stress path to emphasize the importance of the sampling
disturbance effects on the laboratory test results. Baligh et al., 1987, theoretically,
explained the sampling disturbance procedures of variety shapes and configurations of the
tube samplers based on the Strain Path Method (SPM). Detailed discussion on the Ideal
Tube Sampling process (based on SPM by Baligh, 1985) and the Actual Tube Sampling
process (Ladd and Lambe, 1963) are provided in Sections 2.4.1 and 2.4.2, respectively.
The utilization of the SPM opened a new way to investigate the sampling
disturbance effects by incorporating the SPM strain predictions with the advanced soil
model (i.e., MIT-E3 and MIT-S1). Santagata (1994) performed a series of laboratory tests
on the Resedimented Boston Blue Clay (RBBC) simulating the stress history experienced
by the soil samples during the sampling process and investigated the subsequent effects on
the resulting consolidation and shearing behaviors. The test results emphasize the effects of
sampling disturbances on the drained compressibility and undrained shearing. As shown in
Figure 3.15, tremendous changes in undrained shearing behavior occur when the
specimens are subjected to cycles of undrained shearing to various degree of disturbance
(the similar processes to what the soil specimen experienced during the sampling
processes). Figure 3.16 shows the effects of disturbances on the soil compressibility. It
should be noted that Figure 3.16 presents data from ISA tests, which refer to Ideal
Sampling Approach with varying amounts of strain cycles (denoted by number after ISA).
The following sections present the detailed discussion on the Ideal Tube Sampling
process (Baligh et al., 1987) and Actual Tube Sampling Process (Ladd and Lambe, 1963).
These two approaches provide the basic framework of the proposed Sampling Disturbance
Simulation (SDS) process used in this research. The details of the proposed steps used in
the SDS are provided in Chapter 4.
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2.4.1 Ideal Tube Sampling Process
The ideal tube sampling process is based on application of the "Strain Path Method
(SPM)"I for the tube penetration starting from the insitu state of stresses. The method is
complex and highly dependent on the shape and size of the sampling tube. Part of the basic
theory used in this research is obtained from the consideration of the centerline element
subjected to the standard thin walled Shelby tube penetration.
Consider the tube penetration, the element is subjected to the compression and
extension mode of shearing during the tube sampling processes as indicated by the changes
in vertical strains with the relative location of the tube shown in Figure 3.17. For a
standard thin walled Shelby tube, the soil element at the centerline is subjected to the
triaxial compression mode of shearing to 1% axial strain followed by extension mode of
shearing to 1% axial strain, and finally compression back to 0% axial strain, all in the
undrained condition for clays. After the penetration process, the soil samples are extruded
from the tube, which cause shear stress to release to zero. The typical ESP (Effective Stress
Path) of the soil subjected to the ideal tube sampling process is shown in Figure 3.18 based
on the MIT-E3 soil model and BBC input parameters.
Figure 3.19 shows the typical stress-strain curve of the soil samples caused by the
ideal tube sampling processes. The final shear stress releasing process is the result of the
extrusion of soil sample performed in the laboratory.
The Figures 3.17 and 3.18 also show the hydrostatic swelling effect, which follows
the shear stress releasing process. This swelling is imposed to account for the reduction in
the effective octahedral stress that is typically measure as the sampling effective stress in
triaxial tests.
2.4.2 Actual Tube Sampling Process
The actual tube sampling processes are much more complex than the ideal tube
sampling processes. The complexities are caused by the changes in state of stresses due to
the processes of boring, tube sampling, transportation and water migration. Ladd and
BALIGH M.M., 1985, purposed "Strain Path Method" used mainly to predict the strain caused by the
penetration of pile-like shape objects.
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Lambe, 1963 purposed the hypothetical ESP for the actual tube sampling as shown in
Figure 3.20. The actual tube sampling processes can be explained as follow.
Step 1 to 2: Boring processes caused shear stress releasing which can lead to failure in
undrained extension if inappropriate drilling mud is used.
Step 2 to 3: This step is essentially the same as the ideal tube sampling processes. The
processes involved the cycle of undrained shearing due to tube sampling.
Step 3 to 4: This step involves the transportation and extraction of the soil sample out of
the tube. The real processes are complex due to the potential shocks, freezing, drying,
corrosion, and intrinsic movement of water inside the tube during the transportation and
storing period. The extraction processes2 also affect the soil sample.
Step 4 to 5: The reductions of mean stress are caused by the trimming and setup processes
for triaxial tests.
Step 5 to 6: This step involves the application of cell pressure in the first step of triaxial
tests to determine the sampling effective stress, a's.
Step 6 to 7: Behavior measured in the laboratory (Unconsolidated Unconfined
Compression (UUC) test is illustrated in the Figure).
As discussed previously, the sampling disturbance is a very important process,
which can cause significant differences in the laboratory testing results and hence lead to
misinterpretation of the field behavior and inadequate designs. This problem becomes a
very important issue in the selection of the soil model input parameters which is the main
factor controlling the output of the model and hence the designs and analyses. This
2 Germaine J.T. recommended the sample extrusion procedures for cohesive soils to minimize the
disturbance caused during the extrusion processes, which is used in the standard soil testing in the
Geotechnical laboratory at MIT. The tube is x-ray prior cutting and wire saw is used to cut the soil free from
the inside of the tube.
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research focuses on the development of rational framework for the soil model input
parameter selection procedures by introducing the steps of soil element simulations which
rely on the same stress history that the soil specimen experienced prior the laboratory tests.
The SPM technique is employed in the simulations with MIT-E3 effective stress soil
model to simulate the sampling disturbance processes and investigate their effects on the
predicted consolidation and undrained shearing.
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Head Item Remarks
1. Stress Relief 1.1 Change in stress due to drilling hole - Excessive reduction in av due to light drilling
mud causes excessive deformations in compression
- Overpressure causes excessive deformations in
compression
1.2 Eventual removal of in situ shear stress - Resultant shear strain should usually be small
1 .3 Eventual reduction (removal) of - Loss of negative u (soil suction) due to presence
confining stress of coarser grained materials
- Expansion of gas (bubbles and/or dissolved gas)
2. Sampling 2.1 Sampler geometry: Three variables affect:
Technique Diameter/Length - Recovery ratio
Area ratio - Adhesion along sample walls
Clearance ratio - Thickness of remolded zone along interior wall
Accessories -- piston, coring tube,
inner, foil, and etc.
2.2 Method of advancing sampler - Continuous pushing better than hammering
2.3 Method of extraction - To reduce suction effect at bottom of sample, use
vacuum breaker
3. Handing 3.1 Transportation 
- Avoid shocks, changes in temperature, and etc.
procedures
3.2 Storage - Best to store at in situ temperature to minimize
bacteria growth, and etc.
- Avoid chemical reactions with sampling tube
- Opportunity for water migration increases with
storage time
3.3 Extrusion, trimming, and etc. - Minimize further straining
Table 2.1 Summary of sources of disturbances (After Jamiolkowski et al., 1995).
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Figure 2.1 Detailed plan of 1-95 Station 246 site and locations of the
sampling borehole (After Varney, 1998).
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Figure 2.12 Yield surface for normally consolidated clays used in MIT-E3 (After Whittle, 1987)
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Chapter 3
Developments in Triaxial Test Equipment and
Results from Triaxial Testing Program
This chapter provides details of the laboratory test program performed to obtain
input parameters for MIT-E3 effective stress soil model and to get soil properties of 1-95
site. Series of triaxial tests were performed along with sample and test quality assessments
at three elevations. Although the 1-95 site has been the MIT Geotechnical testing site for
more than 30 years, data concerning stress-strain-strength properties of the deposited
Boston Blue Clay are limited. Therefore, this testing program is set to achieve valuable
strength parameters, and especially small strain undrained modulus.
Brief discussions on soil sample selection are provided in Section 3.1. Section 3.2
describes methods of sample quality assessments including Mesri's recommendation
technique and a new proposed technique. Developments of triaxial testing equipments and
testing procedures are, then, presented in Section 3.3. Finally, triaxial test results from this
testing program are presented and discussion is provided in Section 3.4.
3.1 Soil Sample Selection
Sample selection within each tube was based on x-ray photographs of the sample
and location of the sample to obtain representative layer information. X-ray photograph is
very helpful in sample selection since it shows the layering of soil and degree of
disturbance that occurred from the sampling processes. Three best samples were selected
to have a relatively close location to each other for triaxial tests for each layer C, D and E,
respectively. The soil samples are selected from the location as near the middle of the layer
as possible for database collection proposes.
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3.2 Sample Quality Assessment
The undisturbed soil samples used in the laboratory tests are subjected to
disturbance caused by the sampling and handling processes at varying degrees. The
consolidation and stress-strain-strength behavior of soils are highly affected by the degree
of disturbance or quality of the samples, Santagata (1994). Two methods of sample quality
assessments are presented in this research. The first technique was proposed by Terzaghi et
al., 1996 which is based on the variation of axial strain at the in situ vertical effective stress
from the consolidation test with elevation. An alternative approach to assess the relative
quality of the samples by observing the variation of axial strain at in situ vertical effective
stress with the overconsolidation ratio (OCR) is proposed in Section 3.2.2.
3.2.1 Mesri's Recommended Techniques
Sample quality, based on Mesri's recommended technique, Terzaghi K., Peck R.B.,
Mesri G. (1996), is investigated through the value of strain at insitu vertical effective
stress. The qualities of samples are designated as A, B, C, D, and E for the corresponding
volumetric strain at the insitu vertical effective stress of <1, 1-2, 2-4, 4-8 and >8%,
respectively. The resulting quality assessment plot including data from CRSC tests is
shown in Figure 3.1.
From the Figure 3.1, it is clearly show that the quality of the triaxial samples and
most of CRSC test samples above elevation -20 m are in the excellent and good range (A
and B in Mesri (1996) definition). The samples below elevation -20 m have higher strain at
insitu vertical effective stress and would be given C rating even though the o' and shape
of compression curve look good. This low rating may not be caused by the disturbance of
sample but may be the true nature of normally consolidation clay itself since the insitu
vertical effective stress is close to the preconsolidation pressure while the sampling
effective stress more or less the same for every sample (usually ranged between 0.2 to 0.6
ksc). Figure 3.2 shows an illustrated sketch of compression curve corresponding to the
normally consolidated situation, which may lead to misinterpretation of sample quality.
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3.2.2 Proposed Alternative Technique to Assess The Relative Quality of
Samples
This section presents the proposed technique to assess the relative quality of a
sample. As discussed in Section 3.2.1, the axial strain at in situ vertical effective stress
alone cannot distinguish the quality of sample because of effects from state of stress of the
soils relative to the preconsolidation pressure. Therefore, instead of looking at the axial
strain at in situ vertical effective stress versus elevation, the proposed assessment technique
is based on the variation of axial strain at insitu vertical effective stress with
overconsolidation ratio (OCR) to take into account the effects from the insitu state of stress
of the soils.
Comparing the plot, between OCR and axial strain at insitu vertical effective stress,
from TX test samples and CRSC test samples (shown in Figure 3.3), it can be seen that TX
test samples have less axial strain at insitu vertical effective stress than CRSC samples at
the same OCRs. This implies that the TX samples are relatively better quality than CRSC
samples. The difference in the sample quality between TX and CRSC samples are the
results from many factors including the size and shape of the samples and test method.
3.3 Development of Triaxial Test Equipment and Procedures
Many advances laboratory test equipment and techniques have been developed at
MIT regarding triaxial testing in the past 20 years. Sheahan (1991) first introduced
automated triaxial cell with computer control. Automated triaxial cells play an important
role in advancing the understanding of soil behavior. S-shaped curve type of virgin
compression line (VCL) in the e-log(o'vc) space can be clearly investigated with triaxial
testing utilized automated triaxial cell and high bit resolution of the data acquisition
system. The Automated triaxial cell also yields better-defined preconsolidation pressure
compared to a manually adjusted pressure triaxial cell or an oedometer cell.
Developments of the strain measurement technique have been a big challenge since
the early of 1990's. Small strain measurement techniques have been developed at MIT over
the past 10 years. The latest development (Santagata, 1998 and Da Re, 2000) results in the
miniature LVDT-based measurement devices, which comprise two miniatures LVDTs on
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the opposite side of a clamp-on device. The design of this device has been directed to have
a strain measurement resolution of 0.0001 %. Stability and proof tests for this device were
provided by Santagata, 1998. The interpretation of the small strain measurement data also
requires special care in defining the starting point and noise analysis of the measurement
system. Figure 3.4 presents a schematic drawing of small strain measurement device.
The small strain measurement device, as discuss previously, when used with an
adequate interpretation technique can give reliable small strain data at the strain level of
0.001 %. This development leads to incredible advances in the investigation of soil
behavior at the small strain region. One of the important properties of soils is the undrained
modulus. The small strain undrained modulus is a very important property when
considering boundary-value problems involving the small deformation. It is another
objective of this research to investigate the small strain modulus of the natural Boston Blue
Clay and used to develop input parameters selection for the MIT-E3 soil model.
The internal load cell is employed to eliminate the bearing friction problem of the
triaxial tests. The cell pressure is applied to the specimen using the silicone oil to prevent
leakage and allow internal devices.
3.3.1 SHANSEP technique
All triaxial tests performed in this research followed the SHANSEP techniques'.
SHANSEP technique has been proven as a very good technique for laboratory testing for
normally consolidated or lightly overconsolidated clays as Boston Blue Clays (BBC) used
in this research. Therefore, it is used as the standard practice in triaxial testing program for
this research.
Based on SHANSEP technique, all specimen were subjected to Ko-consolidation to
the vertical effective stress at least of 1.5 times of the preconsolidation pressure to ensure
that the samples are in the normally consolidated range. The specimen is, then, left for
secondary compression for 24 hours to simulate field mechanical aging condition. After 24
hours of secondary compression, the specimens were either sheared under undrained
conditions or unloaded to the desired state of stress (OCRs) before leaving for secondary
'SHANSEP is "Stress History And Normalized Soil Engineering Properties" (Ladd and Foott, 1974).
- 74 -
compression again and, then, undrained shearing. The unloading followed a linear stress
path to a target K, given by the drained stress path control used in the tests. The target K.
is calculated from the equation:
KO(OC) =Ko(NC)OCR" (3.1)
where n is a material constant and can be obtained from a set of triaxial or oedometer tests
(with measurement of horizontal effective stress with varying stress history) or use
empirical relationship of n = 1 - Ko(NC).
3.3.2 Small Strain Undrained Modulus Interpretation and Results
The series of triaxial tests gives an outstanding set of data concerning the small
strain undrained modulus of natural Boston Blue Clay. Based on current measurement
techniques at MIT, the smallest possible strain level that can be measured is 0.0001 %.
Interpretation of the small strain modulus requires careful selection of the starting
point and data smoothening. In order to obtain the representative and correct undrained
modulus, the use of small strain measurement data is terminated at the strain level of 2.5%
because the LVDTs are approaching the limit of linearity and therefore the strain
calculation is switched to the external DCDT at the match point where the external
displacement is set equal to the internal value.
The values of small strain undrained modulus can be described in terms of
normalized undrained modulus to the vertical effective consolidation stress as a function of
axial strain. The results from small strain undrained modulus measurement can, also, be
expressed in terms of 2Gsec/Cyvc (Gsec mean secant shear modulus) and axial strain. This
expression leads to the parametric study of the parameter to used in MIT-E3 soil model to
control nonlinearity at small strain in undrained shear tests. Chapter 4 presents details of
parametric studies for MIT-E3 soil model based on measurement data from this series of
triaxial tests.
Another direct merit of small strain measurement from the viewpoint of modeling
of soil behavior comes from the value of Ko (elastic bulk modulus at load reversal point).
The on specimen small strain measurement device completely eliminates the problem of
inaccuracy of small strain measurements for compression test. For extension tests, special
care regarding measurement and interpretation of the data are required since the
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mechanical characteristic of load frame may be a problem. When the load direction
changes (i.e., change from consolidation loading to extension unloading test), the cell
rotates a little bit. This rotation completely terminated the use of external strain
measurement at the small strain level. When using the small strain measurement device
with careful laboratory control and interpretation technique, high degree of accuracy and
reliable small strain modulus can be achieved both compression and extension tests.
3.4 Summary of The Triaxial Tests
The triaxial testing program included a total of 14 tests for natural Boston Blue
Clay from 1-95 site. All test results are assessed in terms of quality of samples and tests
based on both techniques described in Section 3.3. Some tests were discarded as a result of
leakage in the triaxial cell during the test or malfunctions of triaxial cells. Nine best quality
tests were selected from three different layers for use in this research. Each layer contains
three triaxial tests separated to two tests for Ko-consolidation undrained compression and
extension tests for normally consolidated samples and one test for Ko-consolidation
undrained compression test at OCRs of 2.
The tests were performed based on the SHANSEP technique (described in Section
3.3.1) and all samples are equipped with the small strain measurement device to assess the
small strain behavior of the natural BBC. The detailed discussion of the small strain
measurement device is provided in Section 3.3.2. Tables 3.1 and 3.2 provide a summary of
consolidation and undrained shearing tests obtained from the triaxial tests. Triaxial
reference data sheets are provided in Appendix A.
3.4.1 Consolidation Behavior
This section provides a summary of consolidation behavior of natural BBC at 1-95
site. The consolidation behavior was investigated mainly by means of compression curves
and strain energy plots. The consolidation behavior obtained from the triaxial tests serves
as a collective data of natural BBC at 1-95 site and reference for the developments of
model input parameter selection procedures for MIT-E3. Figures 3.5 to 3.7 present
summary of the compression curves, plotted in terms of e-log -'OCT space, obtained from
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the triaxial tests for layer C, D, and E, respectively. It should be noted that the eo show in
the Figure refers to the reference void ratio used in the MIT-E3 soil model. Figures 3.8 to
3.10 present the compression curves plotted in the conventional term of aelog 'v space,
Figure 3.8 (a) to 3.10(a), and Strain Energy plot, Figure 3.8(b) to 3.10(b), for layer C, D
and E, respectively.
3.4.1.1 Preconsolidation Pressure
The preconsolidation pressures are obtained from both the Casagrande technique
and Strain Energy technique. Figures 3.11 and 3.12 show schematic drawings illustrate the
Casagrande's technique and Strain Energy techniques used to obtain preconsolidation
pressure.
The Strain Energy technique has many advantages over the conventional
Casagrande's technique. The Strain Energy technique employs the use of arithmetic scale
finding the a'p and the technique is less subjective than the Casagrande's technique. As a
result, the Strain Energy technique is usually more reliable. The resulting preconsolidation
pressure profile obtained from the Strain Energy technique from TX and CRSC tests is
shown in Figure 3.13.
3.4.1.2 Coefficient of Earth Pressure at Rest, K0
The normally consolidated Ko values obtained from the triaxial tests are usually in
the range of 0.55 to 0.59 with consistent values in the same layer or even among the layers.
The Ko values are obtained from the average of the Kc (coefficient of earth pressure during
the consolidation process) during the secondary compression period. The variation of K0
with logarithm of a'v also used to help determine the correct Ko values. Figure 3.14 to
3.16 shows the plot of Ko versus log O'v separated for each layer. An appropriate value of
Ko can be obtained by considering the part of the curve when K reach constant values
relative to a'v. Figure 3.17 presents the K0 profile of 1-95 site obtained from the triaxial
tests.
3.4.1.3 Comparisons of Consolidation Behavior of Triaxial and CRSC Tests
The consolidation behavior obtained from the triaxial and CRSC tests are very
consistent for each layer. Figures 3.18 to 3.20 present the summary of compression curves
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for soil layer C, D and E, respectively. The preconsolidation pressures obtained from
triaxial tests are very similar within each layer and also consistent to that of CRSC tests.
Figure 3.13 shows preconsolidation pressure profile based on the CRSC tests (Varney,
1998) and triaxial tests from this research. Combining these results lead to well defined
consolidation behavior of natural BBC at 1-95 site. Figure 3.21 presents recompression and
compression ratio obtained from these tests.
The preconsolidation pressures in layer C are more scattered than other layers. This
is possibly due to the desiccation effect. The preconsolidation pressures in the deep layer
(i.e., layer E) are significantly less scattered. Considering the triaxial test results, the results
from TX489 are quite different from the others. The results suggest the brittle behavior of
the TX489 specimen, which may be resulted from the local variability and cemented effect
occurred at the location. The K. of TX489 specimen (0.49) is also significantly less than
others (0.55 to 0.59) where the maximum compression ratio is much higher than others.
These differences are likely caused by the local variability than the sampling disturbance
effects.
3.4.2 Undrained Shearing Behavior
The undrained shearing behavior presented in this section can be categorized into
two modes of shearing as compression and extension. Two tests, one for normally
consolidated and another for overconsolidated (OCRs of 2), are performed for the
compression mode of shearing while the extension mode of shearing is performed on
normally consolidated specimens. The results from the tests are mainly analyzed by
observing the normalized shear strength, normalized excess and shear induced pore
pressure, stress path, and normalized undrained modulus versus axial strain.
The following sections describe the important shearing behavior of the natural BBC
obtained from the testing program.
3.4.2.1 Normalized Shear Strength and Critical State Line
The normalized shear strength obtained from the tests are shown in Figure 3.22 for
compression mode of shearing for normally consolidated test, Figure 3.23 for the
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overconsolidated test (at OCRs of 2) and Figure 3.24 for extension mode of shearing. The
results show the similarity of the normalized behavior of the same layers.
The undrained shearing behavior of clays normally begins with a linear elastic
behavior at the very small strain level. The behavior, then, becomes elasto-plastic with
work hardening behavior until reaching the peak strength or undrained strength. After
reaching the undrained strength, the shear stress begins to decrease (called "strain
softening") until reaching the constant values of shear stress (called "critical state shear
stress").
Observations of the critical state shear stress and stress path can identify the critical
state line or cone in 3-dimensional form. The shear stress usually reaches the critical state
at axial strain of 10% or higher. Figure 3.25 shows schematically the usual undrained
shearing behavior and indication of critical state shear stress. The critical state shear stress
can be obtained from the curve between q/a'vc or q/p' and axial strain. The angle of
friction at large strain (usually at 10% or higher axial strain) obtained from compression
and extension mode of shearing are used in MIT-E3 as the input for calculation of critical
state cone.
The undrained shearing behavior will be used to compare with the predictions from
the element simulation program based on MIT-E3 soil model with incorporation of Sample
Disturbance Simulation processes to investigate the capability of MIT-E3 soil model and
as a part of development of frameworks for soil model input parameter selection
procedures.
Figure 3.26 presents the normalized strength plot (called SHANSEP plot), which
plots the log(Su/Ay'vc) against log(OCR). The Normalized Strength Parameters (NSP) for
the compression mode of shearing are 0.303, 0.730 for S and m, respectively. For
extension mode of shearing, the value of S is 0.158. The average value of S from
compression and extension mode of shearing is 0.231, which is close to the values
proposed by Ladd, 1991 (0.213).
The test results on the samples obtained from the South Boston and East Boston
yield the values of S and m of 0.2795, 0.681, respectively for the compression mode of
shearing. The S and m parameters for SHANSEP CKoUE tests from the sites are 0.142,
0.830, respectively (La Beaumelle, 1991). The S and m parameters for the compression
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mode of shearing from the triaxial tests are a little bit higher than those of La Beaumelle.
The S parameter for the extension mode of shearing from the triaxial tests performed in
this research also a bit higher than those of La Beaumelle. These differences are likely
caused by the spatial variability of soils from difference locations.
3.4.2.2 Normalized Undrained Modulus
The recent development of the small strain measurement device (SSM) makes the
measurement of soil behavior at the small strain region possible. One of the most important
properties of clays is the undrained modulus at the small strain level. In the past, this
property was usually measured by the cross-hole wave propagation. The technique allows
one to measure the undrained modulus from the soil sample directly with well-controlled
boundary conditions in the laboratory. The SSM also reduces the problem of measuring
strain with conventional external strain measurement when changes in direction of loading
get involved as discussed in Section 3.3.2. Figure 3.27 shows the comparison between the
normalized undrained modulus obtained from the external strain measurement LVDT and
those of Small Strain Measurement device. Figure 3.28 to 3.30 presents the summary of
the normalized undrained modulus plots for CKoUC (NC), CKoUE (NC) and CKoUC (OC)
tests, respectively. In general, the external measurements are reliable above the strain level
of 0.01%.
Santagata, 1998 developed an equation to describe the initial stiffness under the
compression mode of shearing of the Resedimented Boston Blue Clay (RBBC) as a
function of pre-shear void ratio (eps) and the vertical consolidation stress (0'vc) as:
E,(max) = 1014(e,)- 2 (45 ' y )4 (3.2)
where Eu(max) is in the unit of kg/cm2.
Table 3.3 shows the summary of the maximum normalized undrained modulus and
undrained modulus (grouped by test type) compared with those predicted by the equation
(3.2). It should be note that the undrained moduli for extension and overconsolidated tests
are quite difficult to interpret because of the effect of abruptly changing of the load
direction and therefore should be used with careful judgment. Generally, The maximum
undrained modulus obtained from the triaxial tests for the compression mode of shearing
for both the normally consolidated and overconsolidated BBC is in good agreement with
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the prediction from the equation (3.2) except the TX502 test. There are large uncertainties
in the interpretation of the Small Strain Measurement for the TX502 test. This is lead to a
much higher value of the normalized undrained modulus (and modulus) relative to the
other two overconsolidated tests. The average of the test values (for normally consolidated
and overconsolidated tests except TX502 test) is approximately 10% higher than the
average of the predicted values. The deviation is accounted for the difference in the nature
of the soils since the natural BBC is likely to have higher stiffness than that of RBBC.
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Index test Consolidation Condition Consolidation Results
Test No. Location 2
T, wn PL General At Maximum Stress At Presiear StressBoring wn [%] Test Type SD S Ub B value
Samplem ej SD SD LL Ey ca Cu P We O3) En 4) ts aVM (6)WC CU t I v
# test # test E Pa ec eI Ca KoNC e c Evo Ke OCR
TX485 109-111 ft - 43.34 -
U20 44.91 SHANSEP - 1.2 - 0.22 3.22 0287 2.77 36.09 11.0 -24 H 5.799 36.09 11.40 -24 HR 5.799
BBC 1.2694 
- 4 - 0.08 -0.33 -4.00 3.0 1.0032 11.0 0.569 1.0032 11.51 0.508 1.0
TX486 109-111 ft 40,78
U20 41.67 SHANSEP 1,026 0.22 3.22 0.98 2.70 34.75 9.9 -24 HR 5.9578 34.75 10.20 -24 HR 5.9578
BBC 1.1905 4 - 0.03 -0.05 -3.14 3.45 0.9660 9.9 0.604 0.9660 10.28 0.604 1.0
TX488 104-106 ft 0.368 42.24,
U 19 43.00 SHANSEP 0.0081 0.83 - 0.25 2.81 0.98 3.10 34.92 11.22 -24 HR 5.95 34.92 10.68 -24 HR 2.902
BBC 1.2147 6 4 - -0.26 -0.33 -2.99 2.80 0.9709 11.17 0.579 0.9709 10.61 0.783 2.03
TX489 62-64 ft 0.455 41.98 -
U10 44.04 SHANSEP 0.0078 2.77 - 0.44 2.57 0.98 3.05 35.07 11.0 -24 HR 4.405 35.07 12.23 -24 H R 4.405
BBC 1.2485 6 4 - 0.038 0.06 -2.14 3.25 0.9749 11.0 0.454 0.9749 13.10 0.427 1.0
TX492 62-64 ft 0.463 42.425.
UIO 42.42 SHANSEP 0.0051 2.197 - 0.51 2,98 0.98 2."50 37.83 9.65 -24 HR 5.88: 37.83 :10.55 --24 H 5.88
BBC 1.2982 6,41 0.14 0.17 -2.30 3.00, 1.0518 9.65 0.606 1.0518 1.70.606 1.0
Table 3.1 Summary of consolidation phase of the triaxial tests
00
Index test Consolidation Condition Consolidation Results
Test No. LocationPL General At Maximum Stress At Preshear Stess
Boring w, [%] Test Type S S Uh B value - -
Samnple('O e, Ca tes #v tes (3) ea (4 tVO (5 (51 .V5 (6) WC F4 ts cy vc#Eet# et I e. E~01  Ca KONc e, E,,,, Kc OCR
TX495 69-71 ft 0.397 39.07 -
U12 40.75 SHANSEP 0.0046 4.12 - 0.25 2.73 0.99 231 32.35 10.58 -24 HR 5.76 32.35 10.84 -24 H 2.585
BBC 1.1278 6 4 - 0.07 0.1 -1.3 275 0.8993 10.56 0.543 0.8993 10.58 0.73 2.22
TX496 42-44 ft 0.479 33.21
U5 27.47 SHANSEP 0.0137 0.58 0. 21 236 0.98 2.20 25.82 7.1 -24 HR 5.83 25.82 7.72 -24 HR 5.843
BBC 0.8613 6 4 -0.02 0.01 -1.58 2.60 0.7178 7.1 0.549 0.7178 7.73 0.549 1.0
TX500 42-44 ft 0.408 40.84
U6 39.34 SHANSEP 0 2.01 0.33 2.66 0.99 2.15 32.31 9.15 -24 HR 5,904 32.31 9.75 -24 HR 5.904
BBC 1.0967 6 4 0.21 0.28 -122. 3.00 0.8981 9.15 0.573 0.8981 9.73 0.573 1.0
TX502 45-47 ft 0,500 36J5
U6 36.79 SHANSEP 0.0053 1.67 0.50 2.97 1.06 3.12 30.13 8.15 -24 HR 6.89 30.13 8.33 -24 HR 3.54
BBC 0.9992 6 4 0.21 0.25 1.53 2.70 0,8377 8.15 0.544 0.8377 8.41 0.768 1.95
Note (1) BBC means Natural Boston Blue Clay obtained from 1-95 site, Saugus, Massachusetts.
(2) Location means depth from the surface.
(3) W, and ee are calculated from axial strain at preshear condition and assume degree of saturation of 100%.
(4) Some of the values of E, and e,,, at maximum stress are obtained from compression curves.
(5) t, in this table is estimated values. The correct ts may be a little different.
(6) 'vm means maximum vertical effective stress in the test. In case of OC type test, this value represents the maximum consolidation stress
before unloading process.
(7) All stresses are in ksc.
Table 3.1 (continued)
00
Condition At Maximum Shear Stress At Maximum Obliquity E./'s - @(2)
Test No. Location-~
Boring w. [%] e.. dvc ea Au/dvc q/p' Au/dvc ea Au/d've qlp' AuV/dvc 0.001 % Remarks
Sample ei K, OCR q/drvc p'o'vc $' A q/Ovc P'IO'vc $' A 0.01 %0
_____ ~~~~~0.1_% ____________
TX485 109-11I ft 410
U20 44.91 1.0032 5.799 0.409 0.1 0.428 0.061 10.507 0.354 0.598 0.365 325 322
BBC 1.2694 0.508 1.0 0.305 0.713 25.32 0.852 0.23 0.384 36.71 86 220
TX486 109-111 ft 366
U20 41.67 0.966 5.9578 -8.364 0.184 -0.533 0.412 -7.82 0.186 -0.535 OA13 366 210
BBC 1.1905 0.604 1.0 -0.146 0,273 -32.23 0.27 0.145 0.272 -32.36 -0.273 184 197
TX488 104-106 ft 700
U19 43 0.9709 2.902 1.53 0.204 0.444 -0.04 11.271 0.443 0.518 0.26 580 512
BBC 1.2147 0.783 2.0 0.474 1.067 26.381 0.278 0.381 0.735 31.22 0.808 350 339
TX489 62-64 ft 517
U10 44.04 0.9749 4.405 0.147 0.042 0.467 0.016 12.619 0.321 0.641 0.4 323 363
BBC 1.2485 0.427 1.0 0.327 0.699 27.849 0.541 0168 0.263 39.87 -1.344 77 292
TX492 62-64 ft 558
U10 42,42 1.0518 5.88 -10.564 0.128 -0.521 0.372 -11.843 0.133 -0.528 0.377 462 374
BBC 1.2982 0.606 1.0 -0.163 0.312 -31.4 -0.175 -0.162 0.308 -31.84 -0.182 225 284
Table 3.2 Summary of undrained shearing phase of the triaxial tests
00
Condition At Maximum Shear Stress At Maximum Obliquity E.Jc'w C (2)'
Test No. Location Aq/Aq=
Boring w. 1%] e, a'vc r- Au/a vc q/p' AuSoavc ea Au/av q/p' Aus/a'vc 0.001% Remarks0.3Sample ei Ke OCR q/a'vc p'/'vc A q/ yc p a/'vc A 0.01 % 0.50.5
_____ ____ ~~0.1_% ___ _____
TX495 69-71 ft 880
U 12 40.75 0.8993 2.585 1.433 0.201 0.478 -0.032 12.877 0.389 0.535 0.218 780 610 -
BBC 1.1278 0.73 2.2 0.485 1.014 28.571 0.288 0.392 0.733 32.36 0.758 370 428
TX496 42-44 ft 482
U5 27.47 0.7178 5.843 -7.78 0.11 -0.605 0.375 -7.78 0.11 -0.605 0.375 493 413 -
BBC 0.8613 0.549 1.0 -0.165 0.272 -3726 .138 40165 0.272 3726 -0.138 254 333
TX500 42-44 ft 455
U6 39.34. 0.8981 5,904 0.49 0.126 0.382 0.083 11.176 0.377 0.525 0.374 369 365 -
BBC 1.0967 0.573 1.0 0.277 0.726 22.43 0.983 0.218 0.416 31.64 107 272
TX502 45-47 ft 1570
U6 36.79 0.8377 3.54 0.859 0.234 0.481 -0.0181 9.162 0.419 0.548 0.214 1271 1074 -
BBC 0.9992 0.768 2.0 0.494 1.027 28.74 0.309 0.423 0.771 33.24 0.681 526 777
Note (1) BBC means Natural Boston Blue Clay obtained from 1-95 site, Saugus, Massachusetts.
(2) Some of the values of Eu/'ve @ various e, and Aq/Aqm. obtained from interpolation techniques in case that the interested e. and Aq/Aqm. are not available.
Table 3.2 (continued)
00
Eu~maxV/G'VC (1 Eu(max) Eu(max) as
Triaxial Test No Test Type obtained from the Void Ratio, e obtained from the predicted by
triaxial tests [sjtriaxial tests equation (3.2)
TX485 400 5.799 1.0032 2319.60 2142.30
TX489 CKOUC (NC) 600 4.405 0.9749 2643.00 2041.66
TX500 450 5.904 0.8981 2656.80 2831.30
TX486 - 5.958 0.9660 - -
TX492 CKOUE (NC) 600 5.880 1.0518 3528.00
TX496 650 5.843 0.7178 3797.95 -
TX488 750 2.902 0.9709 2176.50 1723.54
TX495 CKOUC (OC) 880 2.585 0.8993 2274.80 1978.47
TX502 1500 3.540 0.8377 5310.00 2694.90
Note that there are large uncertainties in the interpretation of the Small Strain Measurement for the TX502 test which lead to the
much larger undrained modulus relative to other overconsolidated tests reported in the table .
Table 3.3 Summary of the maximum normalized undrained modulus and maximum undrained
modulus compared to those predicted by the equation (3.2) proposed by Santagata, 1998
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Figure 3.1 Disturbance analysis based on Mesri's recommendation technique.
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Figure 3.4 Schematic drawing of triaxial cell and small strain measurement device
(After Da Re G., 2000).
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Figure 3.5 Compression curve of layer C obtained from triaxial tests
(plotted in e vs log(a'ocT) space).
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Figure 3.6 Compression curve of layer D obtained from triaxial tests
(plotted in e vs log(a'ocT) space).
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Figure 3.7 Compression curve of layer E obtained from triaxial tests
(plotted in e vs log(a'ocT) space).
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Figure 3.8 Summary of compression curve in E-a-log((T V) space and Strain
Energy plot of layer C: (a) Compression curve, (b) Strain Energy plot.
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Figure 3.9 Summary of compression curve in Ecalog(G'v) space and Strain
Energy plot of layer D: (a) Compression curve, (b) Strain Energy plot.
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Figure 3.10 Summary of compression curve in Ea-log(5'y) space and Strain
Energy plot of layer E: (a) Compression curve, (b) Strain Energy plot.
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Figure 3.12 Schematic drawing shows the Strain Energy's technique
used to obtain the preconsolidation pressure.
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Figure 3.14 Variations of K with log(ay'v) for layer C
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Figure 3.15 Variations of K with log(a'v) for layer D
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Figure 3.16 Variations of K with log('v) for layer E
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Figure 3.20 Summary of compression curve obtained from CRSC tests (data from Varney, 1998)
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Figure 3.22 Summary of the normalized undrained shearing
behaviors of the natural BBC obtained from the CKoUC (NC) tests
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Figure 3.23 Summary of the normalized undrained shearing behaviors
of the natural BBC obtained from the CKoUC (OCRs of 2) tests
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Figure 3.24 Summary of the normalized undrained shearing
behaviors of the natural BBC obtained from the CKOUE (NC) tests
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3.27 Capability of small strain measurement device compared to the conventional
LVDTs based external strain measurements.
Results from the conventional external
strain measurement device
Results from Small Strain
Measurement device
Below the axial strain of 0.01%, the external
strain measurement device cannot give a
reliable measurement of strain and therefore,
produce unreliable and misleading undrained
shearing behaviors.
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Figure 3.28 Summary of the normalized undrained modulus of the natural BBC obtained
from the CKOUC (NC) tests
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Chapter 4
Development of Element Simulation Program
4.1 Introduction
This chapter presents the details of the element simulation program and the
developments of the program to incorporate the Sample Disturbance Simulation (SDS)
processes and other important functions. The incorporation of SDS process into the
element simulation program yields comparable simulation resultsI and hence eliminates
the subjective selection of the beginning point (i.e., state of stress at the start of the
consolidation simulation) of the simulations. The element essentially follows the imposed
strain history as the soil specimen experienced during the sampling processes. The
consolidation simulation then starts with the stress state at the end of SDS process.
To investigate the model behavior and incorporate the Sample Disturbance
Simulation process as a part of developments of the soil model input parameter selection,
some modifications to the element simulation program are necessary. Major developments
include 1) Sample Disturbance Simulation processes, discussed in Section 4.3, and 2) yield
surface drawing subroutine, discussed in Section 4.4. Some minor developments including
subroutines to ease comparisons of the simulation outputs to the test results are discussed
in Section 4.5.
4.2 Element Simulation Program
The element simulation program, as referred to in this research, is the computer
program containing constitutive laws for soils used to simulate behavior in order to achieve
essentially 1) soil model evaluations and 2) appropriate input parameters for the soil model
for use in engineering project designs and analyses. The element simulation program was
Comparable results mean the results obtained from the simulations that impose similar stress history to the
simulated element prior to the laboratory consolidation simulations.
-117-
developed at MIT to enable simulations by various soil models such as Modified Cam
Clay (MCC), MIT-E1, and MIT-E3.
The original program was written on the basis of strain-controlled simulations
based on Fortran language. The element follows the input strains and the stresses are
calculated based on the relationship between stress and strain using the selected soil model.
The soil model used in this investigation is MIT-E3 effective stress soil model.
Two input files are required for the MIT-E3 soil model separated into 1) an input
files for material properties and 2) an input file for the initial state of stress and strain
increments used in the simulations. There are totally five output files generated from the
simulation. Output from the program can be converted into a spreadsheet format, which
can be easily plotted by any appropriate programs. Detailed explanations for the input files
and output files are presented in the Sections 4.2.1 and 4.2.2, respectively.
Section 4.2.3 presents the details of conventional element simulations used prior
the development of the new proposed element simulation program incorporating the SDS
process. The detailed explanations of the steps used in the proposed Sampling Disturbance
Simulation, and the limitations of the proposed simulation process are discussed in section
4.3.1 and 4.3.2, respectively.
4.2.1 Element Simulation Input Files
As discussed above, there are two input files for the element simulation program. It
should be noted that the discussions provided in this section are based on the MIT-E3 soil
model. The first input file is named "e3_09.dat" (this file is referred to by e3_09
throughout this thesis). The e3_09 consists of the input parameters for the MIT-E3. The
input parameters for MIT-E3, in the conventional geotechnical definition, are summarized
in Table 4.1 together with laboratory tests from which they can be determined, according
to the procedure recommended by Whittle and Kavvadas (1994). Figure 4.1 shows an
example of e3_09 file structures with brief explanation for the definition of each number
shown in the Figure. The second input file is named "e3_28.dat" (this file is referred to by
e3_28 throughout this thesis). This file contains the initial state of stress converted in the
terms used in the MIT-E3 soil model and strain increments used in the simulations. Table
4.2 presents the state variables used in the MIT-E3 soil model. Figure 4.2 shows an
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example of e3_28 file structure. The following sections present detailed explanations on
the definition of each parameter in the input files and how to convert them directly from a
corresponding laboratory test (for those can be directly obtained) and how to perform a
parametric study to obtain the rest of parameters. It should be noted that extensive
discussions on the definitions and the relationship among the parameters and their effects
on the predictions are provided in Chapter 5. Therefore the following sections focus on the
method of parameter conversion.
4.2.1.1 e3_09
The first row of the e3_09 consists of X, eo, K0, and 2G/K parameters. The X is
essentially the slope of the virgin compression line (VCL) in the e-logea'ocT space 2 and
can be obtained directly from the oedometer tests with lateral stress measurement, triaxial
tests, and constant rate of strain tests (CRSC) with lateral stress measurement. The eo is the
reference void ratio, the void ratio at the G'OCT of 1 ksc, used as the reference for the VCL
line. The Ko is the initial stiffness at load reversal point3 . The 1o can be obtained directly
from the oedometer tests with lateral stress measurements, triaxial tests with good control
of the unloading and reloading processes, and CRSC tests with lateral stress
measurements. The last parameter in the first row of e3_09 is 2G/K. This is the ratio of the
elastic shear modulus to the elastic bulk modulus. It, partly, controls the initial stiffness at
the start of consolidation and shearing simulations. The 2G/K can be calculated from the
equation:
2 GI OCRI (4.1)K ~1OC(KONC) (+2KC)CR 
- 1
where KONC is the normally consolidated coefficient of lateral earth pressure and OCR, is
the overconsolidated ratio at Ko of 1. For Boston Blue Clay, the OCR, is approximately 4.
The OCR, can be obtained directly from the consolidation tests without controlling the
2 logea'ocT means the natural logarithm of the octahedral effective stress.
3 Chapter 5 presents extensive discussion on method to obtain the Ko parameter and problem concerning the
interpretation of the Ko from the laboratory tests because of the secondary compression effect.
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swelling stress path 4 . The 2G/K parameter is also directly related to Poisson's ratio, v, and
hence can be obtained via the equation:
The second row of e3_09 consists of three parameters named x, c and Ay,
respectively. The x parameter is the parameter used in the MIT-E3 soil model to define the
KONC condition. The x parameter can be obtained by the equation:
1+2KNC
3(1- KONC
It should be noted that this x parameter used in the e3_09 is a little different from the x
parameter in the formulation of the MIT-E3 model.
The c parameter defines the size of bounding surface (the semi axes ratio of the
ellipse). This parameter can be obtained via the parametric study discussed in Chapter 5.
The ygo parameter determines evolution and changes in size of yield surface. i.o can be
determined from the laboratory tests imposed changes in anisotropy direction or by the
parametric study proposed in this research. Details of the proposed parametric study can be
found in Chapter 5.
The third row in the e3_09 consists of two parameters named and k2 . Theses two
parameters are used in the model to describe the failure cone and can be calculated from
the equations as follow:
1
= -(CC - Ce) (4.4)
2
1k = -(C + C) (4.5)
2
C 6 sin 'TC (4.6)
"3 (3 - sin('rc))
C = 2( 6sin($'TE(
- 3 3 + sin('TE
where $'Tc and $'m are the friction angles measured at the large strain (normally at Ea
> 10%) from the triaxial compression and extension tests, respectively.
4 For the triaxial tests, the swelling stress path may necessary be controlled based on the controlling program
and configurations of the cell.
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The forth row of e3_09 contains the parameters controlling the non-linearity in the
volumetric response, parameter C and n. These two parameters can be obtained via
parametric studies.
The last row in the e3_09 consists of four parameters named y, h, St and oz. The y
parameter relates to the bounding plasticity. The y parameter can be determined by
comparing the predicted undrained shearing behavior of overconsolidated clays with the
triaxial test results. The h parameter describes the irrecoverable plastic strain that occurs
after unloading/reloading cycle. An appropriate value of h must be obtained via parametric
study. The St parameter essentially controls the post-peak shearing behavior and can be
obtained via parametric study comparing the post-peak behavior of the predicted shearing
behavior with that of the triaxial test. The last parameter for e3_09 is Co. This parameter
essentially controls the behavior at small strain levels during the undrained shearing. (o can
be obtained by comparing the normalized undrained shearing plot (log Eu/A'vc versus
logsa) obtained from the simulations with that of triaxial test.
4.2.1.2 e3_28
Another input file used in the element simulation program is the file e3_28. This
file contains state variable describes the initial state of stress of the element and the strain
increment imposed in the simulations. Figure 4.2 shows an example of e3_28. The first
five lines are used to describe the initial state of stress while the rest of the file describes
the strain increments used in the simulation.
The first line of e3_28 consists of four state variable, a'OCT, Si, S2 and S3 ,
respectively. The G'OCT is the octahedral effective stress while Si, S2 and S3 are the
deviatoric components of the effective stress. Table 4.3 presents the summary of the
formula used in the calculation of the state variables. The second line of e3_28 has one
variable called "n". The n parameter defines whether the element is normally consolidated
(n=1) or overconsolidated (n=O). The third line of the e3_28 has four parameters separated
to be a, a,, a2, and a3, respectively. These parameters define the size of bounding surface
(a) and anisotropy direction (a,, a2 and a3). It should be noted that the b is the correct
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parameter used to define the anisotropy direction and a is essentially the b multiplied by
the ax. The summary of the formula for these parameters can be found in Table 4.3.
The last two lines of this part that describes the state variables of e3_28 essentially
define the state variables at load reversal point. If the load reversal point is the same as the
starting point of the simulation, then these two lines are exactly the same as the first two
lines. If the starting point of the simulation is the load reversal point, these two lines must
be defined correctly in order to obtain the correct simulation results. Figure 4.3 shows the
schematic drawing, which defines the load reversal point for swelling and reloading cases.
The second part of the file e3_28 contains the strain increment input. The structure
of the strain increment input is separated into two parts, the header and the body. The
header contains one number to define the number of main strain increment steps the
program will attempt to call. This is denoted by number 17 in the example. The body
contains the information of each step. There are three important lines for each step used in
the body to define the simulation mode (i.e., consolidation or shearing) and the resolution
of the stress-strain calculation. The first line of the body tells how many strain increments
the program will process for that step. In Figure 4.2, this is number 10000, which tells that
the first step will consists of 10000 strain increments. The second line of the body part
defines the component of strain increment separated to Exx, Eyy, Ez, Exy, ex, and Eyz,
respectively. The subscript 'xx' used in the strain notation in this thesis mean that the
strain is on the surface x and in the direction of x-axis. (take compressive strain as
positive). The reference frame used throughout this thesis follows the right-hand rule and
takes y-axis as the vertical axis. Figure 4.4 shows the reference frame used for the strain
input for the element simulation program.
For the 1-dimensional consolidation, the Exx and ezz are zero and there is no shear
strain imposed in the simulation. Therefore, only Eyy is necessary as shown by number
0.00001 in Figure.4.2. For the undrained compression shearing, the Exx and Ez are the same
(and negative since the element expand on the sides) and are half of Eyy. This is to impose
the condition of constant volumetric strain during the undrained shearing simulation. Line
14 in the Figure 4.2 presents the example of the strain increment structure for the
undrained compression shearing mode simulation.
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The last line (of three lines used to define a step of strain increment) tells the
resolution in the simulation. The strain increments are specified by floating point type
variable5 in Fortran. Therefore, the appropriate style for the strain resolution input is
similar to the engineering number structure but use 'D' instead of 'E' before the exponent
term to define that the number is floating point variable.
It should be noted that the body structure discussed above is for one step of strain
input only. For the complex simulations or the simulation involving the simultaneous
simulations (i.e., start with consolidation and follow by undrained shearing simulations),
user must input as many steps as necessary to carry out the simulations. There are totally
16 and 17 steps for the simulation of a normally consolidated element and
overconsolidated element in this research, respectively.
4.2.2 Element Simulation Output Files
The element simulation program has four important output files separated to 1)
monoTC.res, 2) bounding.res, 3) ccdraw.res, and 4) uudraw.res . The first file is a part of
the original program output file while the last three files are created as a part of this
research. The monoTC has all necessary outputs including stresses and direction of
anisotropy from the simulations. The bounding contains data for bounding surface,
movement of the tip of yield surface, and stress path plotting. The ccdraw and uudraw
consist of stress and strain data necessary for the plotting of compression curve and
normalized undrained shearing. These two files are created to ease the plotting process
since the simulation becomes very complex when the Sampling Disturbance Simulation is
integrated into the program.
The ccdraw contains the data of the stress and strain from the beginning of the
desired consolidation simulation while the monoTC can also be used to plot the
compression curve but manual adjustment of the data is required since the file contains the
stress and strain from the start of the simulation. The uudraw is created on the same basis.
It contains data from the start of undrained shearing simulation only and hence helps
Floating point variable, so called Double Precision in Fortran, provides high accuracy result of the
calculation.
6 The same structure is used to the computer file name throughout this thesis. The computer file name is
called by the name only, in the italic font, without the three extensions.
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reduce the time for data reduction significantly. Figure 4.5 to 4.8 presents the examples of
output file monoTC, bounding, ccdraw, and uudraw, respectively, with a corresponding
example plot, which was generated form each file. It should be noted that the examples of
output files shown in the Figures are processed to make the header of each column and the
output format easier to read in this thesis.
4.2.3 Steps Used in The Conventional Element Simulation
In the conventional element simulation, the model input parameters can be easily
found to obtain a comparable shearing behavior especially for normally consolidated clays.
The element is first started at G'ocT of 1 ksc, to be consistent with the selection of the
reference point (i.e., reference void ratio, eo), and follows 1-dimensional consolidation or
K-consolidation to the desired state of stress before performing the shearing simulation.
Figure 4.9 presents steps used in element simulation to obtain comparable shearing
behavior. However, the consolidation behavior is much more difficult to simulate and
obtain comparable results with the laboratory test results. One of the conventional
simulations is to start the element at a'ocT of I ksc and follow 1-dimensional consolidation
to the preconsolidation pressure. The element, then, undergoes 1-dimensional swelling to
the arbitrary effective stress (usually close to sampling effective stress but must not exceed
OCRs of 8 for the MIT-E3 soil model) before performing the laboratory simulation. The
predicted behavior is, then, used to compare with the laboratory testing results. Figure 4.10
presents the steps used for this type of element simulation. This type of simulation does not
consider the disturbance caused by the soil sampling processes and, therefore cannot give a
reliable comparison of the consolidation behavior.
The newly developed element simulation program is initiated from the desire to
incorporate sample disturbance simulation into the element simulation to be able to obtain
comparable results with the laboratory testing results. The sample disturbance simulation
program are based on the cycle of undrained shearing, shear stress releasing and
hydrostatic swelling to the sampling effective stress before the laboratory simulations.
Figure 4.12 shows the proposed steps of simulations to incorporate sample disturbance
simulation processes.
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4.3 Sample Disturbance Simulations
The Sample Disturbance Simulation processes (SDS) are incorporated into the
element simulation program to achieve comparable predictions to the laboratory test
results. The process is important for soil model input parameter selection. The main
objective is to eliminate the subjective selection of the starting point for the simulations,
especially for consolidation behavior. With the SDS, the element essentially begins at the
same state of stresses as the sample in the laboratory after undergoing sampling
disturbance. This eliminates the subjective selection of the initial state of stress for the
simulations.
The SDS incorporates the ideal tube sampling process, for standard thin walled
Shelby tube (with B/t of 40)7, with incorporation of hydrostatic swelling prior the
consolidation and undrained shearing simulations to the same axial strain as observed in
the laboratory. Figure 4.11 shows the schematic sketch of thin walled Shelby tube with
strain occurring during the sampling processes.
The overall simulation process is quite complex and the understanding of the soil
model used in the simulations is necessary. Sections 2.4.2 and 2.4.2 explain the details of
the ideal and actual tube sampling process, respectively. Summary of steps used in the
SDS processes is provided in the following Section.
4.3.1 Steps Used in The Proposed Sample Disturbance Simulations
The actual tube sampling processes as discussed in the previous section, are very
complex and highly dependent on the procedures used in the field and therefore, it is not
feasible and is expensive8 to perform the simulations based on the actual tube sampling
process. Instead of trying to replicate the actual conditions occurred in the field, which is
very uncertain, the simplified approach is adopted in this research.
The steps used in the SDS and shear stress release processes are essentially the
combination of ideal tube sampling processes and hydrostatic swelling to the sampling
7 B/t is the ratio between the outside diameter of the sampling tube and thickness of the tube.
8 The term expensive here mean that the simulation based on actual tube sampling process is very complex
and may involve the finite element simulation (i.e., to account for the water migration effect which results in
the difference in the soil behavior at any locations from the centerline of the sampling tube) integrated with
the interested soil model which results in the high cost and time consuming analysis.
125 -
effective stress, a's. The processes as compared to the hypothetical actual sampling
processes, are very similar and suitable for the study to develop framework for soil model
input parameter selection procedures. The limitations of applying the proposed steps are
discussed in the next section. Figure 4.12 presents the summary diagram for the purposed
simulation.
The element, subjected to SDS processes, undergoes the cycle of undrained
shearing (1%, -1% and 0% axial strain, respectively) prior the shear stress releasing
process. The actual strain level used in the SDS simulations should be determined by the
shape of the sampling tube and major field conditions, which affect the strain level that the
soil experienced during the sampling processes.
Incorporating the SDS into the element simulation program eliminates the
subjective selection of the initial state of stress of the simulation since the initial state of
stress of the element now similar to what the soil specimen experienced prior the
laboratory tests.
4.3.2 Constraints and Limitations of The Proposed Sampling Disturbance
Simulation
It should be noted that the proposed SDS program is based on a simplified
approach which integrates the ideal tube sampling process with the hydrostatic swelling
after shear stress release process. If good quality control of sampling and testing processes
are achieved, the proposed steps should satisfactory capture the specimen history.
However, water migration and development of shear strain at any locations except the
centerline of the tube are still unknown. Other types of problems occur when dealing with
the real engineering practice, the complexity of soil layer, the field quality control and
human error are the controlling factors and hence result in the limitation of uses of the
proposed approach to simulate the Sampling Disturbance in the field.
The first problems, water migration and development of shear strain, can be solved
relatively easier than the later problems. The finite element procedure can be adapted and
the desired soil model can be integrated into the analysis to achieve more realistic and
complex simulations. The water migration and development of shear strain can be taken
into account by setting an appropriate strain field for the finite element analysis. The later
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types of problems, however, are much more difficult to solved especially the problem with
the field practice. Theses problems result in the different degrees of sampling disturbance,
which may be caused by difference in engineering practice or skill. The problems can be
tackled from many angles. The strict control of soil sampling process should be employed
with the standardized procedures used in the field. Good laboratory test control and
interpretation technique are also important. Acceptable and standard test procedures should
be adapted to allow comparison of the test results and hence help preventing the human
error in testing process or interpretation of the results.
The shape and configuration of the sampler are also very important. They affect the
predicted strain history significantly and hence should be taken into account with care prior
setting the simulations.
4.4 Yield Surface Drawing Subroutine
The yield surface drawing subroutine is developed as a part of the investigation of
the soil model behavior. The yield surface drawing subroutine is composed of the yield
surface drawing and stress path drawing at selected strains or stresses. The features allow
one to investigate the model behavior especially when dealing with complex simulations or
when the predictions are very different from the laboratory test results.
As discussed previously in Section 2.3, MIT-E3 has an elliptical shaped yield and
bounding surface. Figure 4.13 shows the yield surface used in MIT-E3 for normally
consolidated clays. The yield and bounding surface significantly affect the predicted results
as will be shown later on.
The complexity of the model limits the understanding of the model behavior
especially the evolution of yield surface. As will be shown later in this Chapter, the
evolution of the yield surface is a very important issue when considering the cycle of
undrained shearing which involves significant changes in both size and orientation of yield
surface. Subsequently, this results in differences in model prediction results. The yield
surface drawing subroutine is capable of defining the yield surface and stress path at the
beginning of each major step used in the simulation.
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The yield surface is drawn by considering the yield surface function (Kavvadas,
1982):
f = (S - o'b):(S - ab) - c2a'(2a' - a') = 0 (4.1)
The yield function in the equation 4.1 is written in the generalized form. Solving
the yield function for the triaxial stress space including a' 9 and S 10, the yield function can
be rewritten as:
f = (S - ' b,) 2 - c 2 a' (2a' - ') = 0 (4.2)
Where S, is the first component of the deviatoric stresses, a' is the effective octahedral
stress, b, is the first component of the second order tensor describing the orientation of the
yield surface in effective stress space, a' is the horizontal distance to the tip of the yield
surface, and c is the semi axis ratio of the yield surface.
Figure 4.14 shows an example of the output from the yield surface drawing
subroutine. The ellipses in the Figure are the yield surface at the start of the major steps
used in the simulations. The line shown in the Figure is the stress path drawn in SI and
a'OCT stress space. The simulations can be explained according to the number assigned to
each step as (see Figure 4.14 with the following explanations):
Point 1: Begin the element simulations at a'OCT of 1 ksc.
Step 1 to 2: The element undergoes the 1-dimensional consolidation to the
preconsolidation pressure as obtained from the laboratory tests.
Step 2 to 3: The element, upon reaching the a'p, follows 1-dimensional swelling to the
insitu vertical stress.
Step 3 to 4: The SDS processes begins. The element is, first, subjected to undrained
compression shearing to +1% axial strain.
9 ' means octahedral effective stress.
1 For triaxial stress space, only two stresses components are necessary for the description of the stress state.
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Step 4 to 5: After reaching +1% axial strain, the element is subjected to undrained
extension shearing to -1% axial strain.
Step 5 to 6: The element then follows undrained compression shearing path until it reaches
0% axial strain.
Step 6 to 7: Shear stress releasing to zero shear stress.
Step 7 to 8: Hydrostatic swelling to the sampling effective stress as obtained from the
laboratory test.
Step 8 to 9: 1-dimensional consolidation to the same axial strain as performed in the
laboratory test.
Step 9 to 10: Undrained shearing, either compression or extension mode of shearing
(Figure 4.14 shows the compression mode of shearing) to the same axial strain as
performed in the laboratory test.
Consider the Figure 4.14, it becomes obvious that the size of yield surface changes
significantly when the element is subjected to the cycle of undrained shearing which
resulted in the changes in the yield stress (predicted preconsolidation pressure).
4.5 Other Minor Developments of The Program
Other minor developments of the element simulation program include the
subroutines for adjusting strains of the output and that of triaxial tests to have a fully
comparable format to ease the comparison phase and functions used for checking the state
of stress during the simulations. The strain adjustments become necessary since the
purposed simulations are complex and consist of many steps. The subroutine, essentially,
adjusted the strains by converting the strains at the start of the consolidation and undrained
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shearing processes to be zero (as the same for laboratory test results). The output then can
be directly plotted to compare with the laboratory test results.
All new subroutines written for this research is provided in the Appendix A. The
detailed discussion on the behavior of the model and effects from each parameter on the
predicted consolidation and undrained shearing behaviors are provided in Chapter 5.
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Consolidation tests
(Qedometer or CRSC tests)
eo
C
n
h
Void Ratio at reference stress on virgin
compression line
Compressibility of virgin consolidated clays
Nonlinear volumetric swelling behavior
Nonlinear volumetric swelling behavior
Irrecoverable plastic strain
Consolidation tests with measurements of KONC KO for virgin normally consolidated clays
horizontal effective stress
(Ko-oedometer or KO-triaxial tests) 2G/K Ratio of elastic shear to bulk modulus (Poisson's
ratio for initial unload)
,T Critical state friction angles in triaxial compression
$ Tc (large strain failure criterion)
,T Critical state friction angles in triaxial extension
(large strain failure criterion)
Undrained shear strength (geometric of bounding
c surface)
Undrained triaxial shear tests -
Amount of postpeak strain softening in undrained
triaxial compression
to Nonlinearity at small strains in undrained shear
y Shear-induced pore pressure for OC clay
Resonant Column or Cross-hole shear KO Small strain compressibility at load reversal
wave velocity type tests
Rate of evolution of anisotropy (rotation and
Drained triaxial tests I changes in size of bounding surface)
Table 4.1 Summary of Input Parameters for MIT-E3 Effective
Stress Soil Model (After Whittle and Kavvadas, 1994)
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Variables Definitions/Physical Contributions
Current effective stresses
a Size of bounding surface
b Orientation of bounding surface
REV
Effective stresses at most recent Stress Revesal Point
REV REV
l E
l eStrains accumulated relative to the Stress Reversal Point
ao; Size of load surface at 1st yield
Table 4.2 Summary of state variables used in MIT-E3 effective stress soil model
(After Whittle, 1987)
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Effective Stress x, a,, a2, and a3
(Su') (a, a)
1 11
OC (u' + U'Y + CT z) a3
(a -a -or a1  (2) -b - b,)a
S2 (49- 1'n) a2 = z( - by )a
S= -=ha' a3 = b a
Table 4.3 Summary of the formula for the calculation of the
input state variables (After Whittle, 1987).
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Line 1 0.3800, 3.300, 0.001, 1.000,
Line 2 1.7086, 0.540, 20.dO,
Line 3 0.2388, 0.9619,
Line 4 1.6, 29.0,
Line 5 0.11, 0.2, 2.50, 1.20,
It should be noted that the line numbers do not appear in the real input file for the
element simulation program. The symbol of each number is provided as follow:
Line I X, eo, ico, 2G/K,
Line 2 x, c, Vol
Line 3 4, k2,
Line 4 C, n,
Line 5 y, h, St, o,
Figure 4.1 Example of input file e3_09.
Line 1 1.0000,0.4779,0.0,0.0
Line 2 1,
Line 3 0.5001,0.2389,0.0,0.0
Line 4 1.0000,0.4779,0.0,0.0
Line 5 0.5001,0.2389,0.0,0.0
Line 6 17, !!1-D Compression from dOCT = 1.00 ksc + Sample Disturbance Simulation
Line 10000,
Line 8 0., 0.00001, 0., 0., 0., 0., !!-D Consolidation
line 9 1.d-7,
Line 10 10000,
Line I 1 0., -0.00001, 0., 0., 0., 0., !!1-D Swelling
Line 12 1.d-7,
Line 13 100,
Line 14 -0.00005, 0.0001, -0.00005, 0., 0., 0., !!Undrained Compression
Line 15 1.d-7,
Line 16 200,
Line 17 0.00005, -0.0001, 0.00005, 0., 0., 0., !!Undrained Extension
Line 18 1.d-6,
Line 19 100,
Line 20 -0.00005, 0.0001, -0.00005, 0., 0., 0., !!Undrained Compression
Line 21 1.d-6,
Figure 4.2 Example of input file e3_28 (continue next page)
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Line 22
Line 23
Line 24
Line 26
Line 27
Line 28
Line 29
Line 30
Line 31
Line 32
Line 33
Line 34
Line 35
Line 36
Line 37
Line 38
Line 39
Line 40
Line 41
iine 42
Line 43
Line 44
Line 45
Line 46
Line 47
Line 48
Line 49
Line 50
Line 51
Line 52
Line 53
Line 54
Line 55
Line 56
Line 57
Line 58
!!Undrained Extension
!Hydrostatic Swelling
!! -D Consolidation
!!TC
Figure 4.2 (continue)
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100,
0.00005, -0.0001, 0.00005, 0., 0., 0.,
1.d-6,
500,
-0.0001, -0.0001, -0.0001, 0., 0., 0.,
1.d-6,
5,
0., 0.00000001, 0., 0., 0., 0.,
1.d-7,
60,
0., 0.0000001, 0., 0., 0., 0.,
1.d-6,
50,
0., 0.000001, 0., 0., 0., 0.,
1.d-5,
40,
0., 0.00001, 0., 0., 0., 0.,
1.d-5,
40,
0., 0.0001, 0., 0., 0., 0.,
1.d-5,
110,
0., 0.001, 0., 0., 0., 0.,
1.d-5,
457,
0., -0.00001, 0., 0., 0., 0.,
1.d-7,
300,
-0.00001, 0.00002, -0.00001, 0., 0., 0.,
1.d-7,
50,
-0.0001, 0.0002, -0.0001, 0., 0., 0.,
1.d-6,
50,
-0.001, 0.002, -0.001, 0., 0., 0.,
1.d-6,
....................... .........................................................................................   .  ..... ...........  
......... ...........
SWELLING (Rebound)
Q)
0T
SR OREV
RELOADING
GREV
V
0
RR
Log(stress) [ksc]
Figure 4.3 Definition of Load Reversal Point for the swelling and
reloading case.
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C3
X,
1
1
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yy
C
U)
CL
Original Element
Deformed Element
zz xx
Figure 4.4 Reference frame used for the strain input of the
element simulation program
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Bounding Surface ( the end of Step 1 Bounding Surface @ the end of Step 2 Bounding Surface . the end of Step 3
dc OCT s dOc Si dOCT St
0 0 0 0 0 0
0.011 -0.0714027 0.011 -0.1095505 0.011 -0.1092303
0.021 -0.095349 0.021 -0.1482359 0.021 -0.1477925
0.031 -0.1125719 0.031 -0.1770478 0.031 -0.1765079
0.041 -0.1261488 0.041 -0.2005531 0.041 -0.1999308
0.051 -0.1373261 0.051 -0.2205969 0.051 -0.2199011
0.061 -0.146758 0.061 -0.2381452 0.061 -0.2373825
0.071 -0.154839 0.071 -0.2537796 0.071 -0.2529549
0.081 -0.1618293 0.081 -0.2678826 0.081 -0.2669997
0.091 -0.1679109 0.091 -0.2807219 0.091 -0.2797839
0.101 -0.1732176 0.101 -0.2924936 0.101 -0.291503
0.111 -0.1778511 0.111 -0.3033464 0.111 -0.3023055
0.121 -0.1818905 0.121 -0.3133963 0.121 -0.312307
0.131 -0.1853992 0.131 -0.3227362 0.131 -0.3216001
0.141 -0.1884289 0.141 -0.3314415 0.141 -0.3302599
0.151 -0.1910222 0.151 -0.3395744 0.151 -0.3383487
0.161 -0.1932147 0.161 -0.3471872 0.161 -0.3459185
0.171 -0.1950368 0.171 -0.3543244 0.171 -0.3530137
0.181 -0.1965144 0.181 -0.3610238 0.181 -0.359672
0.191 -0.1976699 0.191 -0.3673184 0.191 -0.3659264
0.201 -0.1985227 0.201 -0.3732368 0.201 -0.3718053
0.211 -0.1990899 0.211 -0.3788042 0.211 -0.3773339
0.221 -0.1993864 0.221 -0.3840428 0.221 -0.3825343
0.231 -0.1994257 0.231 -0.3889725 0.231 -0.3874264
0.241 -0.1992195 0.241 -0.3936108 0.241 -0.3920276
0.251 -0.1987783 0.251 -0.3979738 0.251 -0.396354
4
3- - - - - -- - - - -- - - - - - - - - - - -- - -- - - -- - - - - -- - - -- - -
-------------- : -------
a' [ksc]
Figure 4.6 Example of output file bounding.res with an example
plot of bounding surface generated from the output file.
-140-
Axial Strain, Va [%] VoidRatio, e doc-r _ v
0.000001 1.2326433 0.2491623 0.2455958
0.000002 1.2326433 0.2491695 0.2456077
0.000003 1.2326433 0.2491763 0.2456191
0.000004 1.2326433 0.2491828 0.2456299
0.000005 1.2326432 0.2491891 0.2456404
0.000015 1.232643 0.2492504 0.2457424
0.000025 1.2326427 0.2493008 0.2458266
0.000035 1.2326425 0.2493462 0.2459023
0.000045 1.2326423 0.2493884 0.2459725
0.000055 1.232642 0.249428 0.2460386
0.000065 1.2326418 0.2494658 0.2461015
0.000075 1.2326415 0.249502 0.2461619
0.000085 1.2326413 0.2495369 0.24622
0.000095 1.2326411 0.2495706 0.2462762
0.000105 1.2326408 0.2496033 0.2463307
0.000115 1.2326406 0.2496352 0.2463838
0.000125 1.2326403 0.2496662 0.2464356
0.000135 1.2326401 0.2496966 0.2464861
0.000145 1.2326398 0.2497262 0.2465356
0.000155 1.2326396 0.2497553 0.246584
0.000165 1.2326394 0.2497838 0.2466316
Example of Compression Curve generated from the output file ccdraw.res
(It should be noted that the TX488 test result is also shown in the Figure)
-2
0
2
4
8
10
12
0.1
log(o'ocT) [kscf
Figure 4.7 Example of the output file ccdraw.res with a
compression curve plotted based on the data in ccdraw.res.
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.2*1
:1
-I
10
Compression curve plotted from
.the data ot tile ccdrawres,
TX488 Test Nesults
. .;
7i
e, VoidRatio docu dv j H q/p' ql0V d 5v HC
0.002 0.9672685 2.377182 2.8605847 2.1354806 0.145135 0.1284734 2.8220008 2.1547725
0.004 0.9672685 2.377182 2.8837952 2.1238754 0.1517512 0.134642 2.8220008 2.1547725
0.006 0.9672685 2.377182 2.9030918 2.114227 0.1572284 0.1397705 2.8220008 2.1547725
0.008 0.9672685 2.377182 2.9201929 2.1056765 0.1620648 0.1443154 2.8220008 2.1547725
0.01 0.9672685 2.377182 2.9358175 2.0978642 0.1664693 0.1484679 2.822000 2.1547725
0.012 0.9672685 2.377182 2.9503533 2.0905963 0.1705546 0.1523311 2.8220008 2.1547725
0.014 0.9672685 2.377182 2.9640392 2.0837534 0.1743903 0.1559684 2.8220008 2.1547725
0.016 0.9672685 2.377182 2.9770354 2.0772552 0.178023 0.1594224 2.8220008 2.1547725
0.018 0.9672685 2.377182 2.9894561 2.0710449 0.1814862 0.1627234 2.8220008 2.1547725
0.02 0.9672685 2.377182 3.0013861 2.0650799 0.1848046 0.165894 2.8220008 2.1547725
0.022 0.9672685 2.377182 3.0128907 2.0593276 0.1879972 0.1689516 2.8220008 2.1547725
0.024 0.9672685 2.377182 3.0240213 2.0537623 0.1910792 0.1719098 2.8220008 2.1547725
0.026 0.9672685 2.377182 3.0348194 2.0483632 0.1940627 0.1747796 2.8220008 2.1547725
0.028 0.9672685 2.377182 3.0453194 2.0431133 0.1969577 0.1775701 2.8220008 2.1547725
0.03 0.9672685 2.377182 3.0555495 2.0379982 0.1997726 0.180289 2.8220008 2.1547725
0.032 0.9672685 2.377182 3.065534 2.0330059 0.2025145 0.1829426 2.8220008 2.1547725
0.034 0.9672685 2.377182 3.0752934 2.0281263 0.2051893 0.1855363 2.8220008 2.1547725
0.036 0.9672685 2.377182 3.0848454 2.0233503 0.2078024 0.1880749 2.8220008 2.1547725
0.038 0.9672685 2.377182 3.0942055 2.0186702 0.2103582 0.1905625 2.8220008 2.1547725
0.04 0.9672685 2.377182 3.1033873 2.0140793 0.2128608 0.1930028 2.8220008 2.1547725
0.042 0.9672685 2.377182 3.1124027 2.0095716 0.2153137 0.1953988 2.8220008 2.1547725
0.044 0.9672685 2.377182 3.1212624 2.0051417 0.21772 0.1977534 2.8220008 2.1547725
0.046 0.9672685 2.377182 3.129976 2.0007849 0.2200826 0.2000692 2.8220008 2.1547725
0.048 0.9672685 2.377182 3.138552 1.996497 0.2224039 0.2023485 2.8220008 2.1547725
Example of Normalized Undrained Shearing Curve Generated from The Output File uudraw.res
(It should be noted that the TX488 test results is also shown in the Figure)
0.6
0.5
0.4
0.3
Nornalized undrained shearing curve generated
TX48-8 Test-Re-sults0.2
0.1
0
10 126 8
Axial Strain [%]
Figure 4.8 Example of the output file uudraw.res with a
normalized undrained shearing curve generated from the file.
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----------
Start at G'oCT of 1 ksc
K-consolidation to the desired state of stresses (if the
simulation involved the overconsolidated prediction,
OCRs used in the simulation must not exceed 8).
Perform shearing process, either compression or extension
mode.
Figure 4.9 Usual steps of simulations used to obtain a comparable shearing
prediction to the laboratory test results.
Start at G'ocT at I ksc
1 -dimensional consolidation to Preconsolidation Pressure.
1-dimensional swelling to the sampling effective stress (or
any arbitrary stress if the OCR is more than 8).
1-dimensional consolidation to the same axial strain as
obtained from the laboratory tests.
Undrained shearing to the specified strain, either
compression or extension mode.
Figure 4.10 One of the conventional steps of simulation used to obtain a
comparable consolidation prediction to the laboratory test results
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Figure 4.11 Strain histories at the centerline of tube samples
(After Baligh et al., 1987)
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Start at -'ocr at 1 ksc ]
1-dimensional consolidation to Preconsolidation Pressure.
1 1-dimensional swelling to the insitu vertical effective stress.
1-dimensional consolidation to the same axial strain as
obtained from the laboratory tests.
Undrained shearing to the specified strain, either
compression or extension mode.
Figure 4.12 Diagram shows the proposed steps of simulation used in this research
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Perform Sample Disturbance Simulation (SDS)
Begin at the in situ vertical effective stress.
Undrained compression simulation to +1% axial strain.
Undrained extension simulation to -1% axial strain.
Undrained compression simulation to 0% axial strain.
Shear stress releasing to zero shear stress.
Hydrostatic Swelling to the measured sampling effective
stress.
I I
I
Critical State
Cross-Section A-A
Figure 4.13 Yield surface used in MIT-E3 soil model for normally consolidated clays
(After Whittle, 1987)
Yield Surface at The Beginning of Each Step
MIT-E3 T-Element with Sample Disturbance Simulation to 0.22 ksc 4 = 100)
1 1
10
6
5
0.5 1.5 2 2.5
OCT [ksc)
Figure 4.14 Example of output from Yield Surface drawing subroutine
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Chapter 5
MIT-E3 Soil Model and The Simulation Results
This chapter presents a detailed discussion of the formulation of the MIT-E3 soil
model and results from the purposed simulation processes including Sample Disturbance
Simulation (SDS). The formulation of MIT-E3 discussed in this chapter, in essence, is
similar to Whittle, 1990 but focuses more on the interaction and degree of important of
each parameter on the consolidation and undrained shearing predictions. The results from
the simulations that incorporate SDS processes are provided in this chapter, which will
lead to the development of a framework for soil model input parameter selection discussed
in Chapter 6.
5.1 Formulation of MIT-E3 Soil Model
MIT-E3 was developed at MIT by Whittle, 1987. The model was initially
developed for describing the behavior of normally to lightly overconsolidated clays (OCRs
of 8) under cyclic loading. The model has proved to have a good capability in predicting
the stress-strain relationship for shearing processes (Whittle, 1993). The model, by far, is
one of the most complicated models and beautifully packed in one conceptual framework.
The formulation of MIT-E3 is based on three key elements including 1)
incremental effective stress-strain relationship, 2) hysteretic model and 3) bounding
surface model. The model assumes rate independent behavior of clays (i.e., creep effects
are not considered). The full description of the formulation of MIT-E3 soil model can be
obtained from Whittle, 1987. The author deems it important to provide the formulation of
MIT-E3, which will serve as the reference for discussion on the subsequent section in this
chapter and the development of framework for soil model input parameter selection
procedures in Chapter 6. The following sections present the formulation of MIT-E3 with
emphasis on the physical meaning of each formula.
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5.1.1 Incremental Effective Stress-Strain Relationship
As mention previously, the formulation of MIT-E3 is based on the incrementally,
linearlized theory of rate independent, elasto-plasticity. The main assumption of the
framework is that the (infinitesimal) incremental strains (or strain rates) can be subdivided
into elastic and plastic components (Whittle, 1987):
e p
E =E + E (5.1)
The elastic strain increments are assumed to be related to the stress increments
isotropically by:
e
a = KE (5. La)
e
S = 2Ge (5.2b)
Where K and G are the incremental (tangential) elastic bulk and shear modulus,
respectively. The effective stress and strains can be subdivided into octahedral (volumetric)
and deviatoric components:
= - I + S (5.3a)
3- -
e = EI + e (5.3b)
- 3
where I is the identity tensor.
A load direction, Q, is introduced to define the occurrence of plastic strains:
20 Loading
KQE + 2G Q' : e (5.4)
< 0 Unloading
Where Q and Q' are the volumetric and deviatoric components of Q. The symbol ":",
indicates the double decomposition of the associated second order tensors. The results
from the double decomposition are the summation of the multiplication of each component
of the tensor with the corresponding component of the associated tensor (the final product
is in the scalar form).
The load direction, in the classical plasticity, is chosen as a gradient of the yield
surface (i.e., Q =af/3-'
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The plastic strain increments are defined by a general flow rule:
e =AP (5.5a)
. P.
e = AP (5.5b)
Where P and P' are the volumetric and deviatoric components of a second order tensor,
P, which defines the directions of the plastic strain increments. Figure 5.1 shows the
graphical illustration of Elasto-Plasticity definition, which include the tensor P. A is a
scalar which controls the magnitude of the plastic strains:
A = -+ Q : S (5.6)
H
and H is the elasto-plastic modulus.
Based on the definition of (infinitesimal) incremental strains presented in the
equation (5.1) and combining the equation (5.1) with equation (5.6), the general
incremental effective stress-strain relations can be written:
cr'= K A- AP) (5.7a)
S = 2G e -KA P' (5.7b)
where:. A P\ A P when A P 0
/ 0 when A P < 0
and A can be rewritten in terms of the strain increments as:
KQE + 2G Q' e
A= (5.8)
H + KQP + 2G Q: P
The general framework of elasto-plasticity (first used in MIT-El) can be used to
describe the behavior of normally consolidated clays by introducing a yield surface. The
framework can be used to combine with the hysteretic and bounding surface model in
order to incorporate the definition of modulus at the overconsolidated state of stress and
define the plastic strain direction and magnitude based on the current state of stress relative
to the state of stress at yielding upon consider the mapping rules.
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The yield function used in MIT-E3 can be written as (Kavvadas, 1982):
f = (S - a' b):(S - a' b) - c2 a' (2a' - a') = 0 (5.9)
where a' controls the size of the yield surface, b is a second order tensor describing the
orientation of the yield surface in effective stress space (a' ,S) and c is the ratio of the
semi-axes of the ellipsoid. Figure 5.2 presents the yield surface used in MIT-E3 for
normally consolidated clays.
From Figure 5.2, it is clear that the 'virgin normally consolidated' clay element can
be described by the state of stress at the tip of the yield surface as:
' = 2a' (5. 10a)
S = 2a'b (5.1Gb)
The load direction, Q, can be directly obtained by consider the gradient of the yield
surface separated into volumetric and deviatoric components as:
Q = 2c 2(a' - a') - 2(S - c'b):b (5.ll a)
Q = 2(S - a'b) (5.1lb)
The critical state cone, in effective stress space, can be represented by an
anisotropic failure criterion:
h = S - a'jS - o' k 2 a 2 = 0 (5.12)
The critical state cone (as shown in Figure 5.2) has an apex at the origin of the
frame and axes along the direction +
The direction I + cannot be determined from the standard laboratory tests.
Instead, MIT-El assumes that the orientation tensor is fully defined by the friction angles
measured in triaxial compression and extension tests at large strain level. The failure
criterion in the triaxial stress space can be rewritten as:
h = (S - a' 1)2 - k2 a' 2 = 0 (5.13)
Where the , and k can be obtained from:
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1S= (C - C,) (5.14a)
2
k = (C' + C,) (5.14b)
2
CC= 2 6sin(' T) (5.14c)
* 3 (3 - sin($' Tc)
C = 2 6sin('TE) (5.14d)
* 3 (3 + sin($' TE
These assumptions lead to a final form of the failure criterion used in MIT-El (and
also MIT-E3) model:
n
h = S2 - 2o'S,, + a,2(42 - k 2 ) (5.15)
i= I
where n = 5 for a general stress space.
The changes in size and orientation of the yield surface are described via hardening
rules used in the model. The changes in size and orientation of the yield surface can be
described, respectively, as:
p
a' = a' e" (5.16)
b =I (S - u'b)e (5.17)
where ( is a dimensionless function of the state of variables obtained by invoking the
consistency requirement (f = 0), yO is a material constant controlling rotation of the
yield surface. V/ also controls the rate of change in size of the yield surface as can be
clearly seen from equation (5.16) and equation (5.26). r, is the scalar which describes the
relative orientation of the yield surface to the critical state cone as shown in Figure 5.2.
The r, can be written in the form of
CR= rO R (5.18)
r = 1 when b = 0, , = 0 (i.e., for an anisotropic material)
=0 when b = ( where defines the orientation of the critical state cone as shown in
Figure 5.2
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The equation (5.17) describes the rate of change in direction of the yield surface (b
is the second order tensor which defines the direction to the tip of the yield surface).
Therefore, the equation controls the rate of change of anisotropy. The general form of the
equation is written such that the principal axes of anisotropy rotate towards the principal
stress axes. The variable r, imposes the limit on the principal direction of anisotropy. The
form of r, is selected such that a K-normally consolidated material (i.e., a sample with
anisotropic structure due to its consolidation history) changes its anisotropy structure more
slowly than a hydrostatically consolidated sample (which is isotropic due to the stress
history loaded under the same conditions). The algebraic expression of r, can be derived
and expressed in the form as (Ganendra, 1993):
k - -
= (5.19)
k
The model uses a non-associated flow rule to describe the critical state failure
condition and K0 condition for 'virgin normally consolidated clays'. Figure 5.1 shows the
illustration for the non-associated flow rule where the plastic potential and yield surface
are not necessarily the same. The critical state means the sample continues to deform
without changing in volume and corresponds to the constant state of stresses. The critical
state condition is achieved by imposing the condition of P = 0. This condition implies zero
plastic volumetric strain, equation (5.5), and therefore there is no change in size and
orientation of yield surface once the sample reaches the critical state, equation (5.16) and
(5.17).
The K0 condition is imposed by using the measured values of KoNC as an input
parameter and selecting the flow direction such that virgin KO consolidated conditions
generate no lateral straining in the sample. The flow rules used in the model are given as
follows (Whittle, 1987):
P = 2ca' r (5.20)
P = c2x( Q + |r (5.21)
Where x is a constant, which defines the KoNC condition:
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x -r O+2KNC K I (5.22)
K2-) Y3(1 - KONC) 2G A
The parameter re is a scalar variable (analogous to the rx in equation 5.18) which
describes the location of the current state of stress relative to the failure surface as shown
in Figure 5.2:
PR, = rCRc (5.23)
The re can also be obtained by solving the failure cone equation (5.13) and equation
(5.23) as shown by Whittle, 1987.
The elasto-plastic modulus, H, is defined by detailed consideration of the behavior
of K-normally consolidated clays. The form of H is selected to describe the virgin
normally consolidated line (VCL) and the undrained shearing behavior of K-normally
consolidated clays. The function of H can be written as:
H = 2c2 K JKa' P - S,2c 2 a'xrpQ : b (5.24)
where St is a material parameter controlling the strain softening behavior during the
undrained shearing.
The equation for parameter ( can be obtained by invoking the consistency
requirement that the stress state remains in contact with the yield surface for loading of the
normally consolidated clays. Note that for the overconsolidation or the unloading case, the
stress state need not be in contact with the yield surface and the plastic strains occur during
the loading or unloading processes are controlled by the mapping rules and hardening rules
for the changes in size and orientation of the yield surface. The consistency requirement
can be written as:
af af off - :- + :a + -:b =0 (5.25)
a'- a ab -
Based on the equation (5.6), (5.9), (5.16), and (5.17), the consistency requirement can be
solved for the constant 4 used in the hardening rules of the model (Kavvadas, 1982):
1 1~ H
2G =0 o~, (2a' - a') (5.26)
a' (2Ca p a
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5.1.2 Hysteretic Model
The hysteretic model is incorporated into the MIT-E3 soil model to describe the
behavior of clays during the cycle of unloading/reloading. The original hysteretic model
describes a closed symmetric hysteretic loop in the stress-strain response of the material.
The model is used in the MIT-E3 soil model to define the modulus at any state of stress
relative to the Stress Reversal Point (SRP). The definition of overconsolidated clays can be
defined by the distance from the SRP and load direction instead of OCR as used widely in
the soil mechanics. The application of SRP becomes a benefit in the differentiation of the
state of stress and hence leads to different behavior of clay predicted by the model. Figure
5.3 presents the schematic drawing illustrating the SRP and the state of stress defined by
the distance from the SRP and load direction.
The model assumes the Poisson's ratio for the soil skeleton to be constant (i.e.,
2G/K is constant). The closed loop hysteretic is assumed in the perfect hysteretic model.
The deviation of the recompression line upon reloading to the preconsolidation pressure is
due to plastic strain, which occurs during loading of the overconsolidated clays via means
of mapping rules. The perfect hysteretic model is constructed by introducing a
dimensionless distance (in stress space), , which relates the current stress state to the
stress reversal state. Figure 5.4 shows the definition of for hydrostatic conditions. The
equation for can be written as:
S '' rev for a'> a' rev
I a',/a' for a' rev > a'
where, a' ,v is the mean effective stress or octahedral stress at the SRP.
The parameter unifies the unloading and reloading behavior and describes
symmetric, closed hysteresis loop by specifying the variation of the tangential modulus (or
secant) modulus as a function of (Whittle, 1987). The non-linearity of undrained
shearing behavior is taken into account by considering the dimensionless distance, ,, in
the stress space as:
= - -r:jK - j (5.28)
where, q is the stress ratio at the most recent SRP.
rev
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The model assumes that the variations of modulus are described by the values of
and , for the volumetric and shear modulus, respectively. The equations (5.27) and (5.28)
also show clearly that the modulus is related directly to the most recent stress reversal
state. This implies that the small strain behavior of overconsolidated clays is controlled by
the most recent stress history as suggested by Hight et al., 1983.
The volumetric behavior of overconsolidated clays can be investigated through the
unloading portion of Constant Rate of Strain test (CRSC), triaxial test (TX) and oedometer
tests with the horizontal stress measurements. The volumetric response is described by a
tangential bulk modulus:
K = + e (5.29)
Ic(1+ )
S = Cn(log, )fl1 (5.30)
Where e is the void ratio, 1c, is defined as the initial unloading slope in the e-logea' space
and C and n are material constants providing flexibility in the behavior simulation.
It should be noted that the MIT-E3 model uses a constant Poisson's ratio, which
implies the constant 2G/K. The values of Shear modulus are then related or obtained
directly from the multiplication of 2G/K with the bulk modulus K obtained from the
equation (5.29). This link becomes important in the simulation as discussed in the
subsequent sections.
The values of K0 (stiffness at immediate point after stress reversal) can be
determined from the laboratory or field tests used to establish the velocity of elastic wave
propagation in the soil as suggested by Whittle, 1987. Based on the recent development of
the small strain measurement device (SSM), the values of i,, may be more reliably and
readily obtained from the laboratory tests on the sample with SSM device. This will result
in a more consistent simulation which is based on the real data obtained from one sample.
The laboratory tests also have better defined boundary conditions, which may not
necessary be the case for the field tests.
The parameter , can be obtained from the unloading/reloading behavior during the
undrained shearing for the perfectly hysteresis model. The general variation for the
tangential modulus for the perfectly hysteresis model can then be written as:
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3 = Cn(log + 4f ) (5.31)
Where o is the material constant used to describe the small strain non-linearity in shear
tests at constant mean effective stress (Whittle, 1987).
The load reversal point can be defined by introducing a scalar strain amplitude
parameter, which describes the strain history relative to the most recent stress reversal
point as follows:
A Efor e# 0
If= (5.32)x Ale : A'e12 for 0 =5.30
where, "" = fde = - rev
rev
The load direction is then defined by considering the rate of changes of strain
(positive for loading and negative for unloading) as:{ >0 for loading
= :0 for unloading (5.33)
Based on the hysteresis model, the two soil elements at the same state of stress can
be distinguished if the stress history of the elements are different.
5.1.3 Bounding Surface Model
The previous sections deal with the modeling of normally consolidated clays and
the definitions and variations of modulus (either tangential or shear modulus) with the
stress state in the unloading/reloading loop. The last piece of the puzzle is the behavior of
the overconsolidated clays, or mainly the magnitude and direction of plastic strain
occurring when the stress state is inside the yield surface.
The bounding surface model was first proposed by Dafalias and Popov, 1977. The
model links the plastic strain at the overconsolidated state of stress to the plastic behavior
of the image point, I, on the yield surface as shown in Figure 5.2. As it is shown clearly in
Figure 5.2, the load surface for MIT-E3 is defined to have the same shape as the yield
surface passing through the stress point with the size ratio of a'/a'. The loading condition
can be defined similar to the equation (5.4) as:
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( 20 loading
KQ,e =2G Q,:e (5.34))t< 0 unloading
but now the Q, and Q', are the volumetric -and deviatoric components of the gradient of
the bounding surface at the image point, I.
The radial mapping rules are used in this case to define the image point, I, and the
direction of plastic strain, P, and H, which define the magnitude of plastic strain via
equation (5.6) or (5.8), is defined by the mapping rules used in MIT-E3 as shown follow:
P = P + Pg (5.35)
H = H, + H0 g 2  (5.36)
Where P , H0 are the values of P and H at first yield (i.e., at first loading for stress states
within the bounding surface). gi and g2 are the mapping functions described by the relative
position of the current stress and image stress states.
The expression for PO,P , Ho, g, and g2 used in MIT-E3 are shown as follow:
PO = -(2c2a' r + r 7:Q'j (5.37)
PO =0 (5.38)
1= ((a' - a' o)/ a') (5.39)
HO = -(1 + e)((c' - a' 0)hIQJ|PJ) (5.40)
0
2= ((' - a' 0 )/(a'o - a',)) (5.41)
where h and y are dimensionless material constants. They can be obtained via parametric
studies (i.e., comparing the prediction results with a set of reliable laboratory test results to
define the values of h and y). The mapping functions used in equation (5.37) to (5.41)
imply smooth transition of the behavior of overconsolidated clays to the normally
consolidated state of stress when the stress point reaching the yield surface.
The equation (5.38) presented here is the corrected form of gi and different from
the expression for gi presented by Whittle, 1993.
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5.2 Purposed Element Simulation Processes
The element simulation performed in this research is based on the MIT-E3 soil
model. The simulation processes are designed to take into account the sample disturbance
simulation processes based on the combinations of ideal tube sampling processes and
hydrostatic swelling to the sampling effective stress as discussed in Chapter 4. Figure 5.5
presents the steps used in the simulations.
The simulation processes are designed to investigate the applicability of the Sample
Disturbance Simulation process to the MIT-E3 model and to develop the framework for
soil model input parameter selection procedures.
5.3 Summary of Input Parameters for MIT-E3 and Parametric
Studies of The Model
Totally 15 input parameters are required for MIT-E3 soil model. Table 5.1 presents
the summary of the input parameters with the corresponding physical contributions and the
method of obtaining the parameters.
5.3.1 Summary of Input Parameters for MIT-E3 Soil Model
The parameters can be categorized into two main groups as 1) parameters that can
be obtained from the laboratory tests directly and 2) parameter that have to be obtained
from parametric studies. Table 5.2 summarizes the input parameters categorized into these
two groups Whittle, 1987 provides a suggested method to determine each parameter based
on the corresponding laboratory tests and suitable parametric studies.
5.3.2 Effects of Input Parameters on the Predicted Consolidation and
Undrained Shearing Behavior
Since the purposed simulations are complex, it is valuable to define the role of each
parameter on the consolidation and undrained shearing behavior. The effects from input
parameters on the predicted consolidation and undrained shearing behavior are discussed
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in the following sections. The following sections are also used as the reference for the
development of parameter selection procedures discussed in Chapter 6.
Effects from each parameter are investigated by comparing the predicted
consolidation and undrained shearing results with the measured triaxial test results. The
comparisons are mainly based on TX485, TX486 and TX502 tests because of their
versatility as the demonstration tools. TX485 is used to show the effects of changing #'TC
where TX486 is used to show effects of changing $'TE. TX502 will be used for the
comparison purposed mostly since it is the overconsolidated test (OCRs of 2) and hence
can demonstrate effects from each parameter in the clearer way.
It should be noted that the simulations performed in this research are, at first, based
on the proposed input parameters for the BBC by Whittle, 1987. The parameters that can
be directly obtained are interpreted from the corresponding laboratory test while other, at
first, are adopted from Whittle, 1987. The effects of each parameter are, then, investigated
and a new set of input parameters are proposed for the BBC (details are in Chapter 6). The
new method of input parameter selection procedure also developed and detailed
discussions are provided in Chapter 6.
5.3.2.1 Reference Void Ratio, eo
The eo or reference void ratio at octahedral stress of 1 ksc can be obtained from the
compression curve plotted in the e-logU'ocr space. The eo plays an important role on the
calculation of bulk modulus as shown in equation (5.29). This has a direct effect on the
predicted consolidation behavior from the model. From equation (5.29), it is obvious that
increasing eo will lead to a proportional increase in the bulk modulus. However, the
reference void ratio also affects the predicted undrained shearing behavior because the
model takes 2G/K as constant, which implies variations of shear modulus with the bulk
modulus. When bulk modulus increases, the shear modulus will also proportionally
increase (regardless of other factors).
Figure 5.6 presents the effects of eo on the consolidation behavior (represented by
the compression curve plotted in the s,-logu'ocr space). It is clearly shown that increasing
eo leads to moving up of the compression curve (since the bulk modulus is increased).
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Figure 5.7 presents the effects of eo on the undrained shearing behavior (represented by the
normalized undrained shearing curve plotted in the q/o'vc -Ea space).
5.3.2.2 A
The A parameter basically controls the slope of the virgin compression line of the
element. The effects of A on the consolidation behavior are very obvious and as expected.
However, A also affects the predicted undrained shearing behavior since the different
A results in different U'vc at the end of the consolidation phase. X also relates to the
direction of plastic strain as shown in equation (5.21) and (5.22) and the elasto-plastic
modulus as shown in equation (5.24), which has direct effect on the predicted undrained
shearing behavior. Figure 5.8 shows the predicted compression curve with different A and
Figure 5.9 shows the corresponding normalized undrained shearing curve.
5.3.2.3 C and n
The parameter C and n controls the non-linearity in the volumetric response for the
perfectly hysteretic formulation as shown in equation (5.30) and (5.31). The actual
function of C and n is to provide the flexibility for the simulation. The C and n have direct
effects on the bulk modulus used in the model and hence have similar effects as the
reference void ratio but in the opposite way. Increasing the C parameter (or n parameter)
leads to lowering the bulk modulus and therefore the compression curve moves to the left
as shown in Figures 5.10 and 5.12 for changing of C and n parameters, respectively.
The effects of C and n parameters on shearing behavior are quite obvious and can
be deducted from equations (5.29) and (5.31). Increasing the C parameter leads to lowering
of the normalized undrained shearing curve as shown in Figure 5.11. This is the direct
effect from decreasing of bulk modulus since the model uses a constant value of 2G/K.
The effects of the n parameter on the shearing behavior are a bit more complicated
since n also appears in the power term of equation (5.31). The calculated bulk modulus, in
part, will be affected by the value of co parameter. If the high value of (o is selected, the
term log, 4 + wo, will likely begin with a value higher than 1. When the term
log, 4 + (o, is higher than 1, increasing values of n parameter will lead to decreasing
bulk modulus and hence decreasing of shear modulus. On the other hand, when the low
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value of o parameter is selected, the term loge + wg, will begin with values lower than
1. When the term log, ( + o), is less than 1, increasing values of n parameter leads to
increasing of bulk modulus and hence increasing shear modulus as shown in Figure 5.13.
However, the overall trends predicted by changing values of n parameter are similar since
the bulk modulus is calculated based on the values of and , after input the constant
value of n.
5.3.2.4 h
The parameter h describes the irrecoverable plastic strain that occurs after
unloading/reloading cycle. The role of h parameter can be observed by considering the
equation (5.40). It is obvious from the equation (5.40) that the h parameter controls the
amount of plastic strain that occurs for the reloading from the overconsolidated state of
stress to the virgin compression line.
Figure 5.14 and 5.15 shows the effects of parameter h on the predicted
consolidation and undrained shearing behavior, respectively.
5.3.2.5 Ko(NC)
The coefficient of earth pressure at rest at the normally consolidated state of stress
or Ko(Nc) is used in the MIT-E3 as both for input parameter and initial state variable
calculation. Essentially, KO(NC) controls the predicted stress path. Therefore, in order to
obtain the same stress path as the laboratory test results, the real Ko(Nc) values from the
triaxial tests are used in the simulations.
The values of Ko(oc) used in MIT-E3 is essentially controlled by the values of
Ko(Nc) and the constant ratio of 2G/K as shown in equation (5.21) and (5.22). This may
result in a little difference in the predicted Ko(oC) as compared to the conventional
expression of Ko(oC) as a function of Ko(Nc) as:.
KO(oc) = KO(NC) OCR" (5.42)
where n is a material constant and can be obtained from a set of triaxial or oedometer tests
(with measurement of horizontal effective stress with varying stress history) or use
empirical relationship of n = I - Ko(NC).
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Discussion on the difference from the predicted Ko(oc) as a function of OCR can
also be obtained from Ganendra and Potts, 1995. However, no attempt is made to change
the formulation of MIT-E3 since the integrity of the model is a very important issue and
the variation of the values of Ko(oc) in the range of interest is very small (OCRs of 1.1 to
2.2). Changing one expression may lead to numerous reconfigurations of the model
mechanical formulation. Figure 5.16 presents the comparison of variation of Ko(oc) versus
OCR obtained from MIT-E3 and that obtained from the equation (5.42), (Ganendra and
Potts, 1995).
5.3.2.6 2G/K
The 2G/K ratio is assumed to be constant in the MIT-E3 model. The ratio plays an
important role as it controls the soil behavior whenever shear stress is involved in the
simulation. The model is formulated to take the 2G/K as an input parameter while the bulk
modulus, K, is obtained from the equation (5.29). Therefore, increasing 2G/K leads
directly to increasing of shear modulus. Figure 5.17 and 5.18 present the effects of
parameter 2G/K on the consolidation and undrained shearing behavior, respectively. It will
be shown subsequently in Chapter 6 that the ratio of 2G/K must be selected carefully based
on the interested behavior, i.e., consolidation or undrained shearing, and level of interested
strains.
5.3.2.7 O'Tc and $'TE
The angles of friction at large strain level (Ea of 10% or higher) from the triaxial
compression and extension mode of failure are used in MIT-E3 to define the critical state
cone. The effects of O'Tc and O'TE are clearly seen on the critical state cone and hence on
the shearing behavior. Increasing O'Tc and/or O'TE results in the larger critical state cone
and therefore, lead to more strain softening before the element reaches the critical state of
stress.
Figure 5.19 and 5.20 presents the effects of $'Tc and O'TE on the undrained shearing
behavior, respectively. The O'rc have more pronounced effects as shown in Figure 5.19
since the compression-shearing path is much shorter than the extension-shearing path and
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hence small changes in the critical state cone size reflect large changes in the strain
softening for the compression mode of shearing.
5.3.2.8 c
The c parameter is essentially the semi-axes ratio of the yield surface as obviously
shown in equation (5.9). The direct effect of c is on the shearing behavior since the shear
stress path is partly controlled by the shape of the yield surface as shown in the equation
(5.9), the direction and magnitude of plastic strains as shown in equation (5.20), (5.21) and
(5.24). Based on the new developed simulation steps, the parameter also affects the
consolidation behavior obtained from the simulations since the element is subjected to the
cycle of undrained shearing prior undergoing the consolidation simulation. However, the
effects on the consolidation behavior (as represented by the compression curve in e-
logo-'OCT space) are very small as shown in Figure 5.21.
Figure 5.22 shows the direct effect of c on the undrained shearing behavior of the
natural Boston Blue clays. The effect of changing c parameter on the shearing behavior is
very obvious. Increasing values of the c parameter leads to an increase of peak strength and
vice versa. Therefore, appropriate values of c can be obtained by matching the predicted
peak strength to the peak strength obtained from the corresponding test results.
5.3.2.9 St
The S, parameter has significant effect on the post-peak behavior of clays obtained
from the undrained shearing. The increasing of S, leads to the increasing of strain softening
as clearly shown in Figure 5.23. This effect can also be deduced from the link among
equation (5.6), (5.7) and (5.24). Basically, increasing S, leads to decreasing of the elasto-
plastic modulus, H as clearly shown in the equation (5.24). The decreasing of H, then,
increases the plastic strain, equation (5.6), and hence leads to small rates of change in
stress increments whereas the rate of changes of strain are the same, as shown in equation
(5.7). However, the S, has a very minor effect on the predicted compression curve as
shown in the Figure 5.24.
- 165 -
5.3.2.10 o
The value of o determines the behavior at small strain levels during the undrained
shearing. o is a very important parameter when considering the small strain behavior. In
the strain level approximately lower than 0.0 1%, the undrained shearing behavior is mostly
controlled by the parameter. As shown in Figure 5.25, the higher values of w lead to the
fast decreasing of the normalized undrained modulus whereas the small values of o lead to
fairly constant undrained modulus at the small strain level.
The development of SSM device leads to much better defined undrained modulus
at a very small strain level (as small as 0.0001% axial strain). The results from the triaxial
tests (performed with the SSM device) are used to compare with the predicted results to
find the appropriate value of o for the natural BBC.
5.3.2.11 y
The yparameter relates to the bounding surface plasticity. The role of ycan be seen
from equations (5.35) and (5.39). The y has been proven to have minor effects on the
reloading path by Whittle, 1987. However, It is clearly shown in the equations that yhas
major effects on the undrained shearing of the overconsolidated clay and hence the
comparisons of the predicted undrained shearing behavior of overconsolidated clays with
the triaxial test results are used to established appropriate values of y. Figure 5.26 shows
the effects of yon the normalized undrained shearing behavior.
In the proposed simulations, the y parameter may have minor effects on the
predicted consolidation behavior since the element undergoes cycles of undrained shearing
prior the consolidation simulations. However, the effects from changing the yparameter on
the consolidation behavior (i.e., consider compression curve) are very small as shown in
Figure 5.27. Therefore, the appropriate values of y parameter are essentially determined
based on the comparison of the overconsolidation tests.
5.3.2.12 rco
co determines the elastic bulk modulus at small strain levels. Figures 5.28 and 5.29
show the effect of ico on the consolidation and undrained shearing behavior of clays. The
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role of Ko can be considered from the equation (5.29) on the calculation of bulk modulus.
It is obvious that higher values of Ko lead to lower bulk modulus and hence have the same
effect as lowering reference void ratio. The values of Ko can be determined from the slope
of the compression curve (in e-loga'ocT space) at load reversal. However, to determine the
value of ico from standard triaxial tests is quite difficult since the secondary compression
becomes an important issue. The best way to get appropriate values of Ko is by performing
at least one unloading/reloading cycle during the consolidation process in the triaxial test.
The values of Ko can be determined from the initial slope of the reloading curve, which is
less affected from the secondary compression problem. This requires longer testing time
for each triaxial test and two or more unloading/reloading cycles may be required for each
test to ensure the consistent values of Ko. Because of the time constraint, the appropriate
values of Ko presented in this research are obtained based on the comparison of
consolidation and undrained shearing behavior obtained from the simulations and that of
triaxial tests. Figure 5.30 shows the definition of Ko.
5.3.2.13 V'o
The parameter ypo controls the rate of change of anisotropy (direction of axes of
yield surface) and size of the yield surface via hardening rules, equation (5.16), (5.17) and
(5.26), used in MIT-E3. The parameter yfo can be obtained from the drained test involving
changes in anisotropy direction so called 1/Ko tests as proposed by Kavvadas, 1982.
However, the 1/Ko tests have problems associated with control the horizontal strain and the
friction at the top and bottom of the triaxial caps, which may lead to the misleading results.
The proposed simulation processes (incorporate SDS processes) can be used to
determine values of yfo since the stress state at the end of the simulated 1-dimensional
consolidation are mainly affected by the rate of change of anisotropy during the
disturbance processes. Hence, the appropriate values of yVo can be obtained by study the
variation of yto with the octahedral stress at the end of 1-dimensional consolidation as
compared to the triaxial test results. Detailed discussions on the method of determining
values of yfo are presented in chapter 6. Figures 5.31 and 5.32 present the effects of y/o on
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the predicted consolidation and undrained shearing behaviors, respectively. The effects on
the consolidation behavior are obvious from the Figure 5.31. The effect of changing VIo on
the shearing behavior is mainly caused by the changes in rate of yield surface evolution
under the Sampling Disturbance Simulation.
5.4 Comparisons of Predictions from MIT-E3 and Results
Obtained from Laboratory Triaxial Test Program
This section presents the summary of the comparison of the predictions from MIT-
E3 soil model with the results obtained from the laboratory triaxial test program. The
simulation result is based on the parameters obtained from the laboratory tests (for those
can be obtained directly) and the parameters proposed by Whittle (1993) will be compared
with the laboratory test results first to demonstrate the capability of the model to perform
the sample disturbance simulations. All simulations performed in this Chapter are based on
the proposed simulation steps discussed in Section 4.3.1 except if stated otherwise.
The simulations also emphasize the role of y/o parameter, which controls the
evolution of the yield surface. Detailed discussions on the predicted consolidation and
undrained shearing behavior, then, are provided and will also serve as the reference for the
developments of framework for soil model input parameter selection procedures discussed
in Chapter 6.
The Best Fit consolidation and undrained shearing parameters are also provided
with the corresponding simulation results. The steps used to obtain these parameters are
discussed in Chapter 6.
5.4.1 Consolidation Behavior
The MIT-E3 soil model predicts quite good consolidation behavior as compared to
the triaxial test results for the conventional simulation processes as discussed in Section
4.2.3. Figure 5.33 demonstrates the capability of MIT-E3 on the prediction of
consolidation behavior based on the conventional simulations and parameters obtained
from the triaxial tests (for those that can be obtained directly) and as proposed by Whittle
(1993) (for those difficult to obtained directly from the laboratory tests or need to do
parametric studies). The model gives good agreement between the predicted compression
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curve and that of the corresponding triaxial. Figure 5.33 also shows the predicted
compression curve based on the same set of parameters but using the new proposed
element simulation program with SDS simulation.
Comparing the model predictions based on the proposed steps of SDS simulations
yield very interesting results. The predicted compression curve plotted in the e-loga'ocT is
significantly shifted leftward (i.e., the a'ocr at the end of 1-dimensional consolidation is
significantly lower than that obtained from the corresponding triaxial tests). However, the
shape of the compression curve is very similar and, hence, implies that the model has the
capability of modeling the consolidation behavior of natural soil. The significant
differences in the location of compression curve can be traced back to the rate of evolution
of the yield surface. Figure 5.34 shows the evolution of yield surface during the
simulations. It is clearly shown that the yield surface changes in both size and orientation
significantly during the cycle of undrained shearing (from the SDS processes) and,
therefore, leads to a significant decrease of the predicted preconsolidation pressure and
thus changing the location of the virgin compression.
This simulation highlights the importance of the appropriate values of Yo
parameter. Figure 5.35 shows the predicted compression curves, in the e-logaT'OCT space,
with different yfo parameters as compared to the test results. It can be seen from the Figure
that yfo has significant effects on the predicted consolidation behavior. The appropriate
values of y1o parameter can be obtained from the observation of the variation of the
predicted -'OCT at the end of 1-dimensional consolidation with varying yo parameter as
shown in Figure 5.36. The details of the technique are provided in Chapter 6.
Upon obtaining the appropriate values of yo, the predicted compression curves are
in excellent agreement with the corresponding test results. However, some adjustments in
the bulk modulus and, as a consequence of adjusting the bulk modulus, the A parameter
may be required to obtain the Best Fit consolidation parameters. Figure 5.37 to 5.54 show
the comparisons of the predicted compression curve based on the original parameters, and
the comparisons of the predicted compression curve based on Best Fit consolidation
The original parameters include the parameters obtained directly from the corresponding triaxial tests and
those obtained from the parametric studies as proposed by Whittle, 1987.
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parameters with the corresponding triaxial tests for all nine triaxial tests used in the
simulations2
5.4.2 Undrained Shearing Behavior
The comparisons of the predicted undrained shearing behaviors with the triaxial
test results are mainly performed based on the plots between normalized undrained
shearing behaviors and axial strain. The simulations are performed for each soil element
corresponding to the triaxial test results. The predicted normalized undrained shearing
behaviors obtained from MIT-E3 soil model can be discussed using three main categories
as 1) normally consolidated triaxial compression test, 2) normally consolidated triaxial
extension tests and 3) overconsolidated triaxial compression tests (at OCRs of 2).
The simulations performed in this step are, first, based on the parameters obtained
from the triaxial tests and those proposed by Whittle, 1993, referred to as the original
parameters. The original parameters are used, instead of the Best Fit consolidation
parameters, at the first step for two reasons: 1) to investigate the capability of the MIT-E3
soil model in the undrained shearing prediction capability and 2) to eliminate any effects
from parameter adjustment, to obtain the Best Fit consolidation prediction, prior the
undrained shearing simulation. The Best Fit consolidation parameters, however, provide
the better starting point for the simulation to obtain the Best Fit undrained shearing
behavior when both the consolidation and undrained shearing are of interested or
important.
The predicted normalized undrained shearing is, then, compared to that of the
corresponding triaxial test. The input parameters are, then, adjusted to obtain the best
prediction. Chapter 6 provides a suggested sequence to obtain one set of input parameters
to Best Fit consolidation and undrained shearing behaviors.
2 Totally eighteen figures are presented separated to two figures for each test in the fashion such that the
comparisons of the predicted compression curve based on the original parameters are presented first and
follow by the comparisons of the predicted compression curve based on the Best Fit parameter with the
corresponding triaxial tests
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5.4.2.1 Normally Consolidated Triaxial Compression Tests
Figure 5.55 shows the predicted normalized undrained shearing behavior based on
the original parameters and including the SDS simulation. The predicted normalized
undrained shearing behavior is quite different from the measured triaxial test results. The
major differences came from the values of undrained shearing strength and the post-peak
shearing behavior. The predicted peak undrained strength is generally higher than the
undrained strength obtained from the triaxial tests. This implies that the value of c
parameter is too high in the simulations.
The post-peak behavior is also very different from the test results. The model
usually predicts too much strain softening with the element reaching the critical state of
stress too fast as shown in Figure 5.55. This behavior can be adjusted by choosing the
appropriate values of S,, co, C, n and y for the simulations. However, changing these
parameters may not always solve the problem or yield better predictions since the model
formulations are tied among many parameters. The interactions among the parameters
make it difficult to separate the effects of each parameter from others and hence lead to an
incredible difficulty to find the appropriate set of input parameters if the model cannot
yield a good prediction at the beginning.
Figure 5.56 shows the comparison between the predicted normalized undrained
compression shearing (NC) based on the Best Fit parameters and that of TX485 test.
Figures 5.57 and 5.58 present the comparison of the predicted normalized undrained
shearing curve based on the original parameters and Best Fit parameters, respectively, with
that of TX489 test. Figures 5.59 and 5.60 show the same comparisons for TX500 element
simulation.
5.4.2.2 Normally Consolidated Triaxial Extension Tests
The predicted extension shearing behavior is generally in good agreement with the
triaxial test results. Figure 5.61 shows the comparison between the predictions using the
input parameters obtained from the triaxial tests and the proposed parameters from Whittle
(1987) with the triaxial test results for TX486. The major differences between the predicted
undrained shearing behaviors in the extension mode of failure are the stiffness at the small
to medium strain level (Ea of 0.5 to 2%) and the peak strength. These problems can be
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solved by selecting the appropriate values of o, St and c. Figure 5.62 shows the comparison
of Best Fit predicted undrained extension shearing (NC) with the TX486 test results.
Figures 5.63 and 5.64 present the comparisons of the predicted normalized undrained
shearing curve based on the original parameters and Best Fit undrained shearing
parameters, respectively, with TX492 test. Figures 5.65 and 5.66 show the same
comparisons but for TX496 element simulation.
5.4.2.3 Overconsolidated Triaxial Compression Tests (OCRs of 2)
The overconsolidated shearing behaviors are more difficult to predict than the
shearing behavior of normally consolidated clays. Good agreement between the predicted
shearing behaviors and the triaxial test results are more difficult to obtain since the
problems involve the swelling behavior (which controls the stress state at the end of 1-
dimensional swelling and hence the undrained shearing behavior). The good agreement of
the swelling path and its magnitude can be obtained by selecting the appropriate values of
C and n parameters. However, the C and n parameters not only affect the swelling behavior
but also the undrained shearing behavior significantly since changing C and n lead to
changes of bulk modulus based on equations (5.29), (5.30) and (5.31). Therefore, the
values of C and n parameters must be carefully selected to yield good agreements of both
consolidation and undrained shearing behaviors. Figure 5.11 and 5.13 shows the effects of
C and n on the undrained shearing behavior, respectively. Figure 5.67 shows the predicted
normalized undrained compression shearing (OCRs of 2) based on the original parameters,
obtained from TX488 test and those proposed by Whittle (1993), and that of TX488 test
after the SDS simulation.
The appropriate values of yparameter can be obtained from the parametric study of
the undrained shearing of the overconsolidated clays. With appropriate values of y, c, Sr, w,
C and n parameters, the good predicted undrained shearing behavior can be obtained as
shown in Figure 5.68 for the comparison of the predicted normalized undrained
compression shearing (OCRs of 2) based on the Best Fit parameter and that of TX488 test.
Figures 5.69 and 5.70 show the comparisons of the predicted normalized undrained
shearing curve based on the original parameters and the Best Fit parameters, respectively,
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with TX495 test. Figures 5.71 and 5.72 present the same comparisons but for the TX502
element simulation.
However, the goals of the research are to establish the rational basis of how to
obtain the comparable predicted results and to find the appropriate and feasible procedures
to select the soil model input parameters. The first goal is achieved by the developments of
the new simulation step including the Sample Disturbance Simulation (SDS) processes to
get the comparable simulation results as discussed in Chapter 4. In order to accomplish the
good agreements of both consolidation and undrained shearing behaviors between the
predictions and the test results, the general framework of input parameter selection
procedures must be established. The details of the proposed framework for input parameter
selection procedures are presented in Chapter 6.
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Consolidation tests
(Oedometer or CRSC tests)
eo
C
n
h
Void Ratio at reference stress on virgin
compression line
Compressibility of virgin consolidated clays
Nonlinear volumetric swelling behavior
Nonlinear volumetric swelling behavior
Irrecoverable plastic strain
Consolidation tests with measurements of KONC KO for virgin normally consolidated clays
horizontal effective stress
(Ko-oedometer or KO-triaxial tests) 2G/K Ratio of elastic shear to bulk modulus (Poisson's
ratio for initial unload)
,T Critical state friction angles in triaxial compression
$ Tc (large strain failure criterion)
,f Critical state friction angles in triaxial extension
(large strain failure criterion)
Undrained shear strength (geometric of bounding
c surface)
Undrained triaxial shear tests
Amount of postpeak strain softening in undrained
triaxial compression
Nonlinearity at small strains in undrained shear
y Shear-induced pore pressure for OC clay
Resonant Column or Cross-hole shear Ko Small strain compressibility at load reversal
wave velocity type tests
Drained triaxial tests Wo Rate of evolution of anisotropy (rotation and
changes in size of bounding surface)
Table 5.1 Summary of Input Parameters with the corresponding physical contribution for
MIT-E3 soil model
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CO
eo Void Ratio at reference stress on virgin compression line
CZ Compressibility of virgin consolidated clays
CL0
KONC KO for virgin normally consolidated clays
CZ
Ratio of elastic shear to bulk modulus (Poisson's ratio for initial
E2G/K unload)
0
, Critical state friction angles in triaxial compression (large strain
$Tc failure criterion)
,0 Critical state friction angles in triaxial extension (large strain failureo OPTE
criterion)
KO Small strain compressibility at load reversal
C Nonlinear volumetric swelling behavior
E
n Nonlinear volumetric swelling behavior
CO
UZ
h Irrecoverable plastic strain
CL
0
CL
c Undrained shear strength (geometric of bounding surface)
U-C
Amount of postpeak strain softening in undrained triaxial
E compression0
C) W) Nonlinearity at small strains in undrained shear
o y Shear-induced pore pressure for OC clay
(D
-0
C
CUs Rate of evolution of anisotropy (rotation and changes in size ofS 1 O bounding surface)
Table 5.2 Summary of input parameters for MIT-E3 categorized into twp groups as 1)
those can be obtained directly from the appropriate laboratory tests and 2) those can be
obtained from parametric studies
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Yield Surface
Plastic Potentia
Figure 5.1 Graphical illustration of Elasto-Plasticity definition
A
P
0
I
00
Cross-Section A-A
Figure 5.2 Yield surface used in MIT-E3 soil model for normally consolidated clays
A
I~.
B
Path
Path 1: A -->B --> C
Path 2: B -->C
Path 3: D -->C
C
D
A
Stress Reversal Poitn (SRP)
B
B
D
Log(stress) [ksc]
Figure 5.3 Schematic drawing illustrated the Stress Reversal Point (SRP) and the state of stress defined by the distance
from the SRP and loading direction
Ct'
cc
/C
Log(stress) [ksc]
Figure 5.4 Definition of ( for hydrostatic conditions
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-SWELLING (Rebound)
(I.
SR ' REV
RELOADING
GREV
RR
A
0
'9
''S
''S
'9
1-dimensional consolidation to the same axial strain as obtained
from the laboratory tests.
Undrained shearing to the specified strain, either compression
or extension mode.
Figure 5.5 Steps used in the new proposed simulations including the Sample Disturbance
Simulation (SDS) processes
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Compression Curve: Comprison between MIT-E3 Prediction with Disturbance Simulation
(y = 60 and a'vs = 0.50 ksc) and That of TX502 Test Result (Varying Reference Void Ratio, a )
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Figure 5.6 Effects of eo parameter on the consolidation behavior
Normalized Undrained Strength Plot: Comparison between MIT-E3 Soil Model and TX502 Test Result
(Used Undrained Shearing Best Fit Parameter with Varying e Parameter)
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Figure 5.7 Effects of eo on the undrained shearing behavior
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Compression Curve: Comprison between MIT-E3 Prediction with Disturbance Simulation
= 60 and a'vs = 0.50 ksc) and That of TX502 Test Result (Varying X Parameter)
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Figure 5.8 Effects of A parameter on the consolidation behavior
Normalized Undrained Strength Plot: Comparison between MIT-E3 Soil Model and TX502 Test Result
(Used Undrained Shearing Best Fit Parameter with Varying X Parameter)
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Figure 5.9 Effects of A parameter on the undrained shearing behavior
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Compression Curve: Comprison between MIT-E3 Prediction with Disturbance Simulation
(W = 60 and a'vs = 0.50 ksc) and That of TX502 Test Result (Varying C Parameter)
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Figure 5.10 Effects of C parameter on the consolidation behavior
Normalized Undrained Strength Plot: Comparison between MIT-E3 Soil Model and TX502 Test Result
(Used Undrained Shearing Best Fit Parameter with Varying C Parameter)
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Figure 5.11 Effects of C parameter on the undrained shearing behavior
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Figure 5.12 Effects of n parameter on the consolidation behavior
Normalized Undrained Strength Plot: Comparison between MIT-E3 Soil Model and TX502 Test Result
(Used Undrained Shearing Best Fit Parameter with Varying n Parameter)
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Figure 5.13 Effects of n parameter on the undrained shearing behavior
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Figure 5.14 Effects of h parameter on the predicted consolidation behavior
Normalized Undrained Strength Plot: Comparison between MIT-E3 Soil Model and TX502 Test Result
(Used Undrained Shearing Best Fit Parameter with Varying h Parameter)
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Figure 5.15 Effects of h parameter on the predicted undrained shearing behavior
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Figure 5.16 Comparison of the variation of Ko(oc) versus OCR obtained from MIT-E3
and that obtained from the empirical equation (5.42) and the test data (After Ganendra and
Potts, 1995)
Compression Curve: Comprison between MIT-E3 Prediction with Disturbance Simulation
(V = 60 and a'vs = 0.50 ksc) and That of TX502 Test Result (Varying 2G/K Parameter)
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Figure 5.17 Effects of 2G/K parameter on the predicted consolidation behavior
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Normalized Undrained Strength Plot: Comparison between MIT-E3 Soil Model and TX502 Test Result
(Used Undrained Shearing Best Fit Parameter with Varying 2G/K Parameter)
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Figure 5.18 Effects of 2G/K parameter on the predicted undrained shearing behavior
Normalized Undrained Strength Plot: Comparison between MIT-E3 Soil Model and
TX485 Test Result (Vary* )
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Figure 5.19 Effects of changing $'Tc on the predicted compression undrained shearing
behavior
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Normalized Undrained Strength Plot: Comparison between MIT-E3 Soil Model and
TX486 Test Result (Used Undrained Shearing BestFit Parameters with Varying'TE)
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Figure 5.20 Effects of changing O'TE on the predicted extension undrained shearing
behavior
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Figure 5.2 1 Effects of c parameter on the predicted consolidation behavior
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Normalized Undrained Strength Plot: Comparison between MIT-E3 Soil Model and TX485 Test Result
(Used Consolidation BestFit Parameters with Varying c Parameter)
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Figure 5.22 Effects from c parameter on the predicted undrained shearing behavior
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Figure 5.23 Effects from S, parameter on the predicted undrained shearing behavior
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Compression Curve: Comprison between MIT-E3 Prediction with Disturbance Simulation
= 23 and o'vs = 0.22 ksc) and That of TX485 Test Result (Varying S Parameter)
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Figure 5.24 Minor effects from S, parameter on the predicted consolidation behavior
Normalized Undrained Modulus: Comparison between Results
from TX500 and That of MIT-E3 (Varying o)
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Figure 5.25 Effects of (o parameter on the predicted normalized undrained modulus
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Normalized Undrained Strength Plot: Comparison between MIT-E3 Soil Model and TX502 Test Result
(Used Undrained Shearing Best Fit Parameter with Varying y Parameter)
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Figure 5.26 Effects of yparameter on the predicted undrained shearing behavior
Compression Curve: Comprison between MIT-E3 Prediction with Disturbance Simulation
(y = 60 and a'vs = 0.50 ksc) and That of TX502 Test Result (Varying y Parameter)
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Figure 5.27 Minor effect of yparameter on the predicted compression curve
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Figure 5.28 Effects of Ko parameter on the predicted consolidation behavior
Normalized Undrained Strength Plot: Comparison between MIT-E3 Soil Model and TX502 Test Result
(Used Undrained Shearing Best Fit Parameter with Varying K Parameter)
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Figure 5.29 Effects of Ko parameter on the predicted undrained shearing behavior
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Figure 5.30 Schematic drawing illustrated the definition of ico
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Compression Curve: Comprison between MIT-E3 Prediction with Disturbance Simulation
and That of TX485 Test Result (Varying y, Parameter)
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Figure 5.31 Effects of yjo on the predicted compression curve.
Normalized Undrained Strength Plot: Comparison between MIT-E3 Soil Model
and That of TX485 Test Result (Varying yo Parameter)
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Figure 5.32 Effects of yo on the predicted normalized
undrained shearing curve.
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Figure 5.33 Predicted compression curve based on the parameter obtained from the triaxial
tests and those proposed by Whittle, 1993
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Figure 5.34 Evolutions of yield surface during the simulation processes
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Compression Curve: Comprison between MIT-E3 Prediction with Disturbance Simulation
and That of TX485 Test Result (Used Original Parameters with Varying W Parameter)
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Figure 5.35 Variation of the predicted compression curve with varying yuo parameter as
compared to the triaxial test results
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Figure 5.36 The variation of the predicted octahedral stress at the end of 1-dimensional
consolidation with varying yfo parameter as compared to the octahedral stress obtained
from the corresponding triaxial tests.
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Figure 5.37 Comparison of the predicted compression curve based on the original
parameters with that of TX485 test
Compression Curve: Comprison between MIT-E3 Prediction with Disturbance Simulation
(y = 23 and a'vs = 0.22 ksc) and That of TX485 Test Result (BestFit for Consolidation Behavior)
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Figure 5.38 Comparison of the predicted compression curve based on the Best Fit
parameters with that of TX485 test
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Figure 5.39 Comparison of the predicted compression curve based on the original
parameters with that of TX486 test
Compression Curve: Comparison between MIT-E3 Prediction (9 = 20, a'vs =0.22 ksc)
and That of TX486 Test Results (BestFit Consolidation Parameters)
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Figure 5.40 Comparison of the predicted compression curve based on the Best Fit
parameters with that of TX486 test
- 200 -
--1
-1
'1
-~1
0.1 10
2
12
Compression Curve: Comprison between MIT-E3 Prediction with Disturbance Simulation
(a'vs = 0.25 ksc) and That of TX488 Test Result (Used Original Parameters)
-2
10
12
0.1
log(a CT) [ksel
Figure 5.41 Comparison of the predicted compression curve based on the original
parameters with that of TX488 test
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Figure 5.42 Comparison of the predicted compression curve based on the Best Fit
parameters with that of TX488 test
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Figure 5.43 Comparison of the predicted compression curve based on the original
parameters with that of TX489 test
Compression Curve: Comprison between MIT-E3 Prediction with Disturbance Simulation
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Figure 5.44 Comparison of the predicted compression curve based on the Best Fit
parameters with that of TX489 test
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Figure 5.45 Comparison of the predicted compression curve based on the original
parameters with that of TX492 test
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Figure 5.46 Comparison of the predicted compression curve based on the Best Fit
parameters with that of TX492 test
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Figure 5.47 Comparison of the predicted compression curve based on the original
parameters with that of TX495 test
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Figure 5.48 Comparison of the predicted compression curve based on the Best Fit
parameters with that of TX495 test
204 -
12
0.1
Compression Curve: Comprison between MIT-E3 Prediction with Disturbance Simulation
(a' = 0.21 ksc) and That of TX496 Test Result (Used Original Parameters)
-
o - ---- - -- -- ---- - ------
MIT-E3 Prediction
MIT-E3 Input Parameters
L = 100 n 1.6
= 0.970 C =22
Y = 0.50
. = 0.1118 h 0.20
= 0.001 S =450
2G/K = 1.0037
c 0.860 = 0.07
~
K1
log(o' ,,) [ksc]
Figure 5.49 Comparison of the predicted compression curve based on the original
parameters with that of TX496 test
Compression Curve: Comprison between MIT-E3 Prediction with Disturbance Simulation
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Figure 5.50 Comparison of the predicted compression curve based on the Best Fit
parameters with that of TX496 test
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Figure 5.51 Comparison of the predicted compression curve based on the original
parameters with that of TX500 test
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Figure 5.52 Comparison of the predicted compression curve based on the Best Fit
parameters with that of TX500 test
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Figure 5.53 Comparison of the predicted compression curve based on the original
parameters with that of TX502 test
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Figure 5.54 Comparison of the predicted compression curve based on the Best Fit
parameters with that of TX502 test
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Figure 5.55 Comparison of the predicted normalized undrained compression (NC) shearing
behavior based on the original parameters, with that of TX485 test
Normalized Undrained Strength Ptot: Comparison between MIT-E3 Soil Model and TX485 Teat Result
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Figure 5.56 Comparison of the predicted undrained compression shearing based on Best
Fit parameters with that of TX485 test
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Normalized Undrained Strength Plot: Comparison between MIT-E3 Soil Model
and That of TX489 Test Result (Use Original Input Parameters)
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Figure 5.57 Comparison of the predicted normalized undrained compression (NC) shearing
behavior based on the original parameters, with that of TX489 test
Normalized Undrained Strength Plot: Comparison between MIT-E3 Soil Model and TX489 Test Result
(Undrained Shearing BestFit Parameters)
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Figure 5.58 Comparison of the predicted undrained compression shearing based on Best
Fit parameters with that of TX489 test
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Figure 5.59 Comparison of the predicted normalized undrained compression (NC) shearing
behavior based on the original parameters, with that of TX500 test
Normalized Undrained Strength Plot: Comparison between MIT-E3 Soil Model Prediction
and TX500 Test Result (Use US Best Fit Input Parameters)
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Figure 5.60 Comparison of the predicted undrained compression shearing based on Best
Fit parameters with that of TX500 test
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Normalized Undrained Strength Plot: Comparison between MIT-E3 Soil Model and
TX486 Test Result (Used Original Parameters)
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Figure 5.61 Comparison of the predicted normalized undrained extension shearing (NC)
based on the original parameters with that of TX486 test
Normalized Undrained Strength Plot: Comparison between MtT-E3 Sol Model and
TX486 Test Result (Used y = 20 and Undrained Shearing BestFit Parameters)
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Figure 5.62 Comparison of the predicted undrained extension shearing behavior based on
the Best Fit parameters with TX486 test results
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Figure 5.63 Comparison of the predicted normalized undrained extension shearing (NC)
based on the original parameters with that of TX492 test
Normalized Undrained Strength Plot: Comparison between MIT-E3 Soil Model and
TX492 Test Result (Used y = 55 and Undrained Shearing BestFit Parameters)
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Figure 5.64 Comparison of the predicted undrained extension shearing behavior based on
the Best Fit parameters with TX492 test results
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Figure 5.65 Comparison of the predicted normalized undrained extension shearing (NC)
based on the original parameters with that of TX496 test
Normalized Undrained Strength Plot: Comparison between MIT-E3 Soil Model Prediction
and TX496 Test Result (Used Undrained Shearing Best Fit Parameters)
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Figure 5.66 Comparison of the predicted undrained extension shearing behavior based on
the Best Fit parameters with TX496 test results
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Figure 5.67 Comparison of the predicted undrained compression shearing (OCRs of 2)
based on the original parameters with that of TX488 test
Normalized Undrained Strength Plot: Comparison between MIT-E3 Soil Model and TX488 Test Result
(Used Undrained Shearing Best Fit Parameters)
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Figure 5.68 Comparison of the predicted undrained compression shearing (OCRs of 2)
based on the Best Fit parameters with TX488 test results
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Figure 5.69 Comparison of the predicted undrained compression shearing (OCRs of 2)
based on the original parameters with that of TX495 test
Normalized Undrained Strength Plot: Comparison between MIT-E3 Soil Model Prediction
and TX495 Test Result (Used Undrained Shearing Best Fit Parameters)
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Figure 5.70 Comparison of the predicted undrained compression shearing (OCRs of 2)
based on the Best Fit parameters with TX495 test results
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Normalized Undrained Strength Plot: Comparison between MIT-E3 Soil Model Prediction
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Figure 5.71 Comparison of the predicted undrained compression shearing (OCRs of 2)
based on the original parameters with that of TX502 test
Normalized Undrained Strength Plot: Comparison between MIT-E3 Soil Model Prediction
and TX502 Test Result (Used Undrained Shearing Best Fit Parameter)
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Figure 5.72 Comparison of the predicted undrained compression shearing (OCRs of 2)
based on the Best Fit parameters with TX502 test results
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Chapter 6
A Framework for Soil Model Input Parameter Selection
This chapter provides details of the proposed framework for soil model input
parameter selection. The general framework is introduced and discussed in detail, which
focuses on how to obtain the most reliable and comparable simulation results to laboratory
tests and hence a set of representative input parameters for the model. The specific
framework is presented for input parameter selection procedures for MIT-E3. The
proposed framework for MIT-E3 is based on the simulation results provided in Chapter 5.
Details on effects of each parameter used in MIT-E3 are also presented in Chapter 5.
For common engineering projects, two of the most important soil behaviors are 1)
consolidation and 2) undrained shearing. Discussions provided in this chapter focus on
these two behaviors. Section 6.1 presents the basic rule for soil modeling. Section 6.2
presents the general framework of soil model input parameter selection. The discussion in
the Section is very general and the more specific details on how to obtain the Best Fit input
parameters for both consolidation and undrained shearing behaviors are provided in
Section 6.3 based on the simulations with the MIT-E3 soil model.
6.1 Basic Rule for Soil Modeling
There have been many soil models developed by researchers from many institutes
and universities which are currently used in Geotechnical design and research. Examples
of well-known and widely used soil models are Modified Cam Clay (MCC) model
developed in 1970s by a group of researchers at Cambridge university (Roscoe and
Burland, 1968) and MIT-E3 developed at MIT in 1990s (Whittle, 1987). These models are
similar in many aspects but also have many difference features and capabilities. The
differences essentially depend on the complexity and objectives of the development of
model.
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The basic rule that one must recognize and remember when working with soil
modeling is that every soil model has limitations and, therefore, one can not use a model to
predict any soil behaviors beyond the capability of the model itself. This rule may seem
obvious but it is not trivial to determine model limits and it is easy to be overlook these
limits in some cases. For example, it is important to understand that an isotropic soil model
cannot predict anisotropic test results. An isotropic model may predict the compression
curve pattern and location of a Ko-consolidation test well (with or without changing input
parameters) but this does not mean that the model can predict the anisotropic consolidation
behavior. Instead, the model had been misused and may lead to misinterpretation and
selection of soil model input parameters. Therefore, it is important to have a detailed
understanding of the formulation and behavior of a soil model before it is used in practice
or research.
6.2 General Framework for Soil Model Input Parameter Selection
Soil models are developed to describe soil behaviors based on the constitutive
relationships with model specific functions to account for complex behaviors of soils. The
complexity of the model is depends on the assumptions and complexity of the behaviors
aimed to simulate. The general framework of soil model input parameter selection
presented in this section focuses on the rational way to obtain the representative input
parameters based on the similar element simulation program as discussed in Chapter 4.
In order to obtain a set of representative input parameters, the element simulations
must be performed based on the original parameters obtained from reliable laboratory tests.
The element simulations must include the appropriate Sample Disturbance Simulation
(SDS) processes to account for the stress history experienced by the soil sample. The SDS
processes are the key in the simulations to obtain comparable simulation results especially
for the consolidation behavior.
An appropriate SDS processes can be obtained by considering the penetration of
tube sample based on the Strain Path Method (SPM) or other appropriated methods. The
strains (or stress) history from the penetration must be carefully assessed. For the soil
sample obtained from the standard Shelby tube with B/t of 50, the soil sample is subjected
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to a cycle of undrained shearing (+1%, -1%, and +1% axial strain, respectively) during the
penetration processes. Figure 6.1 presents the changes in axial strain during tube
penetration obtained from SPM method. The location and size of the sample is also a very
important factor. For the triaxial test sample which obtained from the center of the tube and
having relatively small diameter compared to sample for oedometer or CRSC tests, the
centerline-of-the-tube strain history may be adopted to use in the simulations with
confidence. However, for the larger size of the sample or for the sample obtained from
other area than the center of the tube, the more sophisticated strain history predictions may
be necessary. In this case, Finite Element Method (FEM) may yield better simulation
results when used with the interested soil model.
Upon obtaining the input parameters from a set of reliable and corresponding
laboratory tests, the element simulations (or FEM simulations) can be performed to
incorporate the appropriate SDS processes (strain fields in FEM case). The result from the
first simulation is then used to compare with the test results based on the interested soil
behaviors. The following sections provide the general discussion on the procedure.
The simulation results are, first, compared to the corresponding test results on the
consolidation behavior. In this step, a series of simulations are performed to assess the
effects of each parameter on the predicted consolidation behavior. Once the good
understanding of effects of each parameter on the predicted consolidation behavior is
established, the consolidation Best Fit parameters can be obtained. The parameter which
controls the changes in the anisotropy direction (for an anisotropic soil model) should be
assessed first and hence an appropriate range of the parameter can be established to
separate the effect (from this parameter) from other parameter effects. One of the easiest
ways to assess the consolidation behavior is by comparing the compression curve, either in
terms of log('vc) or log(&'ocT) with Ea, with the corresponding test results. If the
consolidation behavior is the most important or controlling behavior (i.e., for settlement
problems), the consolidation Best Fit parameters can be used with the soil model in the
designs of an engineering project.
Upon obtaining the consolidation Best Fit parameters, a series of simulations are
performed to obtain the shearing Best Fit parameters. In this step, the role of each
parameter on the interested shearing behavior (i.e., undrained or drained) must be first
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established for an interested soil model. One of the easiest ways to assess the shearing
behavior is to compare the predicted normalized shear behavior (i.e., q/a'vc or q/p' versus
Ea) with the corresponding test results. The normalized modulus plot (i.e., E/a'vc or G/A'vc
versus Ea) can be effectively used to assess the shearing behavior at the small strain region.
Once the shearing Best Fit parameters are obtained, the simulation based on these
parameters are performed and the consolidation behavior is reassessed. This step is
performed for two reasons; 1) to observe the changes in the predicted consolidation
behavior after adjusted the parameters to obtain the Best Fit shearing behavior and 2) to
ensure that the parameters are suitable for use in the predictions of consolidation and
shearing behaviors. If the predicted consolidation behavior changes drastically, simulations
to obtain consolidation and shearing Best Fit parameters may be repeated (with much less
difficulty since the appropriate range and effects of each parameter are already established)
to represent both the consolidation and shearing behaviors. If only shearing behavior is
important and interested (i.e., for the stability problems with little consolidation involved),
the shearing Best Fit parameters are the suitable parameters to use in the designs of an
engineering project. Figure 6.2 presents the flowchart for the general framework of soil
model input parameter selection procedures.
6.3 Framework for Input Parameter Selection for The MIT-E3 Soil Model
This section describes the framework for MIT-E3 input parameter selection. The
MIT-E3 soil model is chosen to investigate because of its high capability in modeling
complex clay behaviors. The model can predict anisotropic behavior of clays and also yield
more realistic plastic strain occurrence after unloading/reloading cycles. The model is one
of the most complex models existing especially in the sense that there are totally 15 input
parameters required for the model. The detailed discussion of the formulation of the model
and effects and roles of each parameter are provided in Chapter 5 with extensive
simulation results from the proposed element simulation program.
The general framework for soil model input parameter selection described in the
previous section provides a general concept of how to obtain a comparable simulation
results and sets of representative input parameters for an interested clay type. This section
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provides detailed discussion on the framework for MIT-E3 specifically. The overall
procedures are the same as discussed in the general framework section. The following
discussions are provided on the basis of obtaining an appropriate value of iVo parameter
(control the changes in size and evolution of yield surface) and goal to obtain both
consolidation and undrained shearing Best Fit parameters. The following Sections are
provided in the fashion that the method of obtaining the Best Fit consolidation predictions
are first introduced in Section 6.3.1. Section 6.3.2 presents the method of obtaining the
Best Fit undrained shearing prediction based on the Best Fit consolidation input
parameters. Section 6.3.3 provides discussions on the iteration process to obtain the Best
Fit for both consolidation and undrained shearing behavior with limitations of the iteration
process.
6.3.1 Best Fit Consolidation Prediction
Based on the extensive simulation results performed using the proposed element
simulation program, the predicted consolidation behavior is mainly affected by three
parameters eo, A and Ko. The recommended sequence of changing the parameters begins
with adjusting the value of eo to obtain a good agreement of the recompression behavior.
Upon obtaining the good agreement of the recompression behavior, good agreement on the
virgin compression behavior can be achieved by adjusting the X parameter. However, in
some case, adjusting only io parameter (or with combination of eo and X) may yield better
predicted consolidation behavior. If the latter case is true, then adjusting io parameter is
more suitable. However, the Ko parameter should not be adjusted significantly since it
reflects great changes in the small strain stiffness and, hence, shearing behaviors. The
recommended range of xo parameter is ±30% depend upon, partly, on the original values of
Ko. It is found that the Ko of 0.001 is a good approximation for the natural Boston Blue
clays in case that a test with measurement of stiffness at the small strain region is not
available (however, based on the common practice in laboratory testing procedure, the
secondary compression becomes an important issue in interpretation of the appropriate
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value of Ko). Figures 5.37 to 5.541, in Chapter 5, present the comparison of the Best Fit
consolidation predictions with the corresponding triaxial tests plotted in the Ea-loga'' OCT
space.
6.3.2 Best Fit Undrained Shearing Prediction
Upon obtaining the consolidation Best Fit parameters, a series of simulations are
performed to obtain undrained shearing Best Fit parameters. It should be noted that if only
the undrained shearing behavior is important or of interested, the series of simulations may
begin with the original input parameters, instead of begin with the Best Fit consolidation
parameters, to avoid any effects those may occur from changing input parameters during
the previous step. The predicted undrained shearing behavior from MIT-E3 soil model is
greatly affected by the parameter c, co, y (mainly for overconsolidated tests), C, n and St.
The effects and roles of each parameter are presented in Chapter 5. The undrained shearing
Best Fit parameters often can be obtained by considering the appropriate range of each
parameter based on the following sequence.
Step 1: Consider an appropriate range of c (mainly control the undrained peak strength).
This often requires performing three to four simulations with varying values of c. For
natural Boston Blue clays, the range of appropriate values of c is 0.550 to 0.800.
Step 2: Upon obtaining an appropriate value of c parameter, the simulations are performed
with varying values of co are required to obtain the good pattern of the normalized
undrained shearing strength. Considering the formulation of MIT-E3, interaction among
the input parameters and behavior of the model, it is of most benefit to separate the
engineering problems concerning the undrained shearing of clays into two main categories
as 1) large strain problems and 2) small strain problems. The large strain problems mean
any engineering problems concerning the undrained shearing to relatively large strain (Ea
'The odd number Figures (i.e., Figure 5.37, 5.39) present the comparisons between the predicted
compression curves based on the original parameters with that of the corresponding triaxial tests. The even
number Figures (i.e., Figures 5.38, 5.40) show the comparisons between the Best Fit consolidation
predictions, in Ea-ILog''oCT space, with that of the corresponding triaxial tests.
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more than 1%) whereas the small strain problems deal with the Ea from less than 0.001% to
approximately 1%.
For the large strain problems (i.e., pile penetration in clays), the simulation results
need high values of co (in the order of 0.5 to 2.00) and relatively low values of St (in the
order of 1.00 to 3.00) for the prediction of undrained shearing behavior of natural Boston
Blue clays. High values of o and relatively low values of St lead to better predicted
undrained shearing pattern at the large strain level.
For the small strain problems, good prediction of the undrained shearing behavior
can be obtained from low value of o (in the range of 0.01 to 0.1). The plot of normalized
undrained modulus versus axial strain (in log-log space) is of great help in determining the
range of suitable o values. On the other hand, the low values of (o often predict too fast
movement of stress point toward the critical state cone and, therefore, reach the critical
state shear strength too fast. However, for the small strain problem (i.e., horizontal
movement of large excavation in clays), the prediction of the small strain behaviors is
more critical and therefore low values of o are recommended.
Step 3: As discussed in Chapter 5, the effects of y parameter are mainly on the
overconsolidation test and hence it is necessary to perform simulations with varying values
of y parameter for an overconsolidated test to obtain range of values of y parameter. This
implies at least one overconsolidated test for each layer of clays is required. Based on the
simulation results performed in this research, the appropriate values of y parameter are
ranged from 0.1 to 0.3.
Step 4: The values of C and n parameters of 22 and 1.6, respectively, for a normally
consolidated test are usually appropriate. However, considering the overconsolidated test,
use of high values of C results in much better predicted undrained shearing pattern. The n
of 1.6 usually yields a good prediction of the normalized undrained shearing behavior of
natural Boston Blue clays. However, it is recommended that some simulations with
varying values of C and n should be performed to see the effects of C and n parameters
and, hence, appropriate values of C and n parameters can be selected. It should be noted
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that C and n parameter also have major effects on the predicted consolidation behavior
and, therefore, should be adjusted carefully.
Step 5: The St parameter controls the predicted strain softening after peak strength. Based
on the simulations, the St values of 4.5 (proposed by Whittle, 1987) is often too high for
the compression mode of shearing and a little bit high for extension mode of shearing of
the natural Boston Blue clays. However, the appropriate values of St are highly tied with
the selected values of o (or the type of engineering problems). For the large strain problem
concerning the compression mode of failure, good predictions of normalized undrained
shearing behavior (up to 2 to 5% Ea for compression) can be achieved with low values of St
(1.0 to 3.0). For large strain problem concerning the extension mode of failure, the higher
values of St (3.0 to 4.0) yield better prediction of the normalized undrained shearing
behavior. For the small strain problems, the St parameter has very little effect since the
interesting region is often in the pre-peak behavior.
Figures 5.55 to 5.72, in Chapter 5, present the comparisons of the Best Fit
undrained shearing prediction, in the term of q/a'vc vs Ea, with that of the corresponding
triaxial tests. The figures are organized in the fashion that the odd numbered Figures (i.e.,
Figures 5.55, 5.57) present the comparisons of the predicted normalized undrained
shearing curve based on the original input parameters with that of the corresponding
triaxial tests. The even numbered Figures (i.e., Figures 5.56, 5.58) show the comparisons
of the Best Fit predicted normalized undrained shearing curve with that of the
corresponding triaxial tests.
6.3.3 Best Fit Prediction for Both Consolidation and Undrained Shearing
Behavior
In order to obtain the Best Fit input parameters for both consolidation and
undrained shearing, the iteration process is necessary. Once the undrained shearing Best
Fit parameters are obtained, the predicted consolidation behavior based on the parameters
need to be compared with the consolidation behavior from the corresponding test. In this
step, minor adjustments of eo, X and Ko may be necessary if the predicted consolidation
behavior is deviated from the actual significantly. After adjusting the parameters, the
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predicted undrained shearing behavior needs to be compared with the laboratory test
results again and minor adjustments can be done if necessary. This step can be repeated
until the Best Fit consolidation and undrained shearing behaviors are achieved.
The iteration process may be very difficult in some case depending, partly, on the
selected soil model used in the simulation. For the MIT-E3, this process is proven to be the
most difficult part of the simulation. Often, the predicted compression curve is changed
significantly when the input parameters are changed to obtain the Best Fit undrained
shearing prediction. The best solution in this situation is to change only necessary input
parameters to get a well-predicted compression curve. For MIT-E3, eo and X parameters
can be changed quite substantially (in the range of ± 30%). However, the changes in these
parameters lead to changes in the elastic bulk modulus and hence change in the predicted
normalized undrained shearing curve. Figures 6.4 to 6.21 present the comparisons of the
predicted compression curves and normalized undrained shearing curves with that of the
corresponding triaxial tests.
Comparing the predicted compression curve based on the Best Fit parameters3
(shown in Figures 6.4 to 6.21) with the predicted compression curve based on the Best Fit
consolidation parameters (shown in Figures 5.37 to 5.54), an obvious fact can be observed.
The predicted compression curve based on the Best Fit consolidation parameters is
normally in better agreement to the measured compression curve. The same applies to the
normalized undrained shearing prediction.
Table 6.1 to 6.3 provide the set of Best Fit parameters for both consolidation and
undrained shearing4 of the selected nine triaxial tests of natural Boston Blue clays. Figure
6.3 presents the flowchart for the framework of MIT-E3 input parameter selection
procedures.
2 The Figures are presented in the fashion that the comparison of the compression curve and normalized
undrained shearing curve for each element are presented in the same page.
3 Best Fit input parameters in this case mean the Best Fit input parameters for both consolidation and
undrained shearing predictions.
4 Definition of Best Fit consolidation and undrained shearing in this place is that the predicted compression
curves (in term of log(o'ocT) versus E) have the similar pattern, RR, CR and preconsolidation pressure and
the predicted normalized undrained shearing curve (in term of q/'vc versus Ea) are of good agreement at the
strain level up to 2 to 5%.
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6.3.4 A Conclusion on The Iteration Process
The proposed framework for soil model input parameter selection, in general,
provides a way to obtain the comparable simulation result and the method to obtain the
Best Fit input parameters for uses in engineering design and analysis. However, when both
consolidation and undrained shearing behaviors are important, compromise between the
precision of the predicted consolidation and undrained shearing behaviors in the iteration
process is necessary. The degree of difficulty in the iteration process to obtain the Best Fit
parameters is depend, significantly, on the soil model used in the simulation.
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Boston Blue clays
Parameters Physical Contribution/Meaning
TX496 TX500 TX502
eo Void Ratio at reference stress on virgin 1.40 1.30 1.30
compression line
X Compressibility of virgin consolidated clays 0.12 0.1459 0.1515
C Nonlinear volumetric swelling behavior 22 22 29
n Nonlinear volumetric swelling behavior 1.6 1.6 1.4
h Irrecoverable plastic strain 0.2 0.2 0.2
KoNC KO for virgin normally consolidated clays 0.549 0.573 0.544
2G/K Ratio of elastic shear to bulk modulus (Poisson's 1.0037 0.9176 1.022
ratio for initial unload)
$'Tc Critical state friction angles in triaxial compression 31.64 31.64 33.24(large strain failure criterion)
O TE Critical state friction angles in triaxial extension 37.26 37.26 37.26(large strain failure criterion)
c Undrained shear strength (geometric of bounding 0.7 0.60 0.79
surface)
St Amount of postpeak strain softening in undrained 3.0 1.0 1.95
triaxial compression
Nonlinearity at small strains in undrained shear 1 1.5 0.0
y Shear-induced pore pressure for OC clay 0.3 0.3 0.3
KO Small strain compressibility at load reversal 0.0007 0.001 0.001
Rate of evolution of anisotropy (rotation and 60 60 60
,changes in size of bounding surface)
Table 6.1 Summary of the Best Fit consolidation and undrained shearing
parameters for natural Boston Blue Clay, layer C, Saugus, Massachusetts
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_________Boston Blue clayIs
Parameters Physical Contribution/Meaning
TX489 TX492 TX495
Void Ratio at reference stress on virgin 2.40 1.40 1.70
compression line
X Compressibility of virgin consolidated clays 0.74 0.23 0.22
C Nonlinear volumetric swelling behavior 26 28 28
n Nonlinear volumetric swelling behavior 1.6 1.6 1.6
h Irrecoverable plastic strain 0.2 0.2 0.2
KONc KO for virgin normally consolidated clays 0.454 0.606 0.543
2G/K Ratio of elastic shear to bulk modulus (Poisson's 1.4145 0.8085 1.026
ratio for initial unload)
$'Tc Critical state friction angles in triaxial compression 39.87 32.36 32.36(large strain failure criterion)
OTE Critical state friction angles in triaxial extension 31.84 31.84 31.84(large strain failure criterion)
c Undrained shear strength (geometric of bounding 0.73 0.73 0.57
surface)
St Amount of postpeak strain softening in undrained 3.0 4.5 2triaxial compression
) Nonlinearity at small strains in undrained shear 2 0.6 1.0
y Shear-induced pore pressure for OC clay 0.15 0.15 0.15
KO Small strain compressibility at load reversal 0.001 0.001 0.001
Rate of evolution of anisotropy (rotation and 10 55 40
changes in size of bounding surface)
Table 6.2 Summary of the Best Fit consolidation and undrained shearing
parameters for natural Boston Blue Clay, layer D, Saugus, Massachusetts
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Parameters Physical Contribution/Meaning BostonBlue clays
TX485 TX486 TX488
Void Ratio at reference stress on virgin 2.20 2.00 2.30
compression line
X Compressibility of virgin consolidated clays 0.40 0.30 0.38
C Nonlinear volumetric swelling behavior 22 22 29
n Nonlinear volumetric swelling behavior 1.6 1.6 1.6
h Irrecoverable plastic strain 0.01 0.01 0.01
KONC KO for virgin normally consolidated clays 0.569 0.604 0.579
2G/K Ratio of elastic shear to bulk modulus (Poisson's 0.9316 0.8148 1.000
ratio for initial unload)
1TC Critical state friction angles in triaxial compression 36.71 36.71 36.71(large strain failure criterion)
Critical state friction angles in triaxial extension 32.36 32.36 32.36(large strain failure criterion)
c Undrained shear strength (geometric of bounding 0.77 0.80 0.54
surface)
Amount of postpeak strain softening in undrained 2.0 3.0 2.5
triaxial compression
0> Nonlinearity at small strains in undrained shear 1.4 1.3 1.2
y Shear-induced pore pressure for OC clay 0.11 0.11 0.11
Ko Small strain compressibility at load reversal 0.001 0.001 0.001
Rate of evolution of anisotropy (rotation and 23 20 20
changes in size of bounding surface) (15 - 30) (10 - 30) (0 - 25)
Table 6.3 Summary of the Best Fit consolidation and undrained shearing
parameters for natural Boston Blue Clay, layer E, Saugus, Massachusetts
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(r,= Vertical Stress
ch = Horizontal Stress
Nv= Maximum Post Pressure
OCR = Overconsolidotion Ratio
VERTICAL STRAIN, Ezz%
-4 -3 -2 -1 0 I 2 3 4
VERTICAL STRAIN, Ezz %
Figure 6.1 Strain history due to tube sampling processes
(After Baligh et al., 1987).
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Figure 6.4 Comparison of the predicted compression curve based on
the Best Fit input parameters with that of TX485 test.
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Figure 6.5 Comparison of the predicted normalized undrained shearing
curve based on the Best Fit input parameters with that of TX485 test.
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Figure 6.6 Comparison of the predicted compression curve based on
the Best Fit input parameters with that of TX489 test.
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Figure 6.7 Comparison of the predicted normalized undrained shearing
curve based on the Best Fit input parameters with that of TX489 test.
- 234 -
M1T E3 Predictibn
MIT-E3 Input Parameters
W 60 n 1.6
e 1.300 C = 22
= 0.1459 y = 0.50h = 0.20
= 0.001 S 1.00
2G/K = 0.9176
c = 0.600 = 1.50
TX5060 Test Resultis
.. .... ...---
...
0.1 1
log(eOCT) [kscJ
-J
10
Figure 6.8 Comparison of the predicted compression curve based on
the Best Fit input parameters with that of TX500 test.
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Figure 6.9 Comparison of the predicted normalized undrained shearing
curve based on the Best Fit input parameters with that of TX500 test.
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Figure 6.10 Comparison of the predicted compression curve based on
the Best Fit input parameters with that of TX486 test.
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Figure 6.11 Comparison of the predicted normalized undrained shearing
curve based on the Best Fit input parameters with that of TX486 test.
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Figure 6.12 Comparison of the predicted compression curve based on
the Best Fit input parameters with that of TX492 test.
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Figure 6.13 Comparison of the predicted normalized undrained shearing
curve based on the Best Fit input parameters with that of TX492 test.
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Figure 6.14 Comparison of the predicted compression curve based on
the Best Fit input parameters with that of TX496 test.
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Figure 6.15 Comparison of the predicted normalized undrained shearing
curve based on the Best Fit input parameters with that of TX496 test.
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Figure 6.16 Comparison of the predicted compression curve based on
the Best Fit input parameters with that of TX488 test.
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Figure 6.17 Comparison of the predicted normalized undrained shearing
curve based on the Best Fit input parameters with that of TX488 test.
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Figure 6.18 Comparison of the predicted compression curve based on
the Best Fit input parameters with that of TX495 test.
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Figure 6.19 Comparison of the predicted normalized undrained shearing
curve based on the Best Fit input parameters with that of TX495 test.
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Figure 6.20 Comparison of the predicted compression curve based on
the Best Fit input parameters with that of TX502 test.
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Figure 6.21 Comparison of the predicted normalized undrained shearing
curve based on the Best Fit input parameters with that of TX502 test.
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Chapter 7
Conclusions and Further Research
7.1 Conclusions
This thesis presents a rational framework for soil model input parameter selection.
The main objective is to simulate the stress (or strain) history of the soil sample to obtain a
comparable simulation results. The Strain Path Method (SPM), Baligh (1985), is utilized to
predict the strain history due to standard Shelby tube sampling processes. The complete
strain history due to tube sampling processes includes cycle of undrained shearing (to
+1%, -1% and 0% axial strain, respectively), shear stress releasing and hydrostatic
swelling process.
The integration of the Sample Disturbance Simulation (SDS) processes into the
element simulation program yields a rational way of obtaining a comparable simulation to
the corresponding test result and, therefore, serve as a first step of the development of
framework for soil model input parameter selection procedures. The advantage of this is to
get parameters which best represent in situ behavior.
Soil samples were obtained from 1-95 site, Saugus, Massachusetts (Varney et al.,
1997). The soil profile used in this research is adopted from Morison, 1984. Series of
triaxial tests are performed in this research and totally nine best quality tests, three for each
layer C, D and E, are selected to use as the reference tests for the simulations. Three
triaxial tests for each layer are separated to 1) normally Ko-consolidated triaxial
compression test, 2) normally Ko-consolidation triaxial extension test and 3)
overconsolidated (OCRs of 2) Ko-consolidation triaxial compression test. The test
selections correspond to the requirements for MIT-E3 input parameter selections.
All triaxial tests are equipped with the Small Strain Measurement (SSM) devices.
The tests yield valuable results of the normalized undrained modulus at the small strain
region (Ea of 0.0001% and higher) and serve as part of the explorations of the natural soil
behavior at the small strain level. Combinations of the triaxial and CRSC tests (data from
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Varney, 1998) are used in the new proposed element simulation program to develop the
general framework for soil model input parameter selection procedures.
The simulations performed in this research are based on the MIT-E3 effective stress
soil model (Whittle, 1987). MIT-E3 is selected based on its capability to model complex
soil behaviors. The model has been extensively evaluated on the aspect of shearing
behaviors. However, the consolidation behavior of natural soils is rarely evaluated because
of the difficulty in the selection of the initial state of stress. Integrating the SDS processes
into the simulation eliminates this problem and, as discussed above, yields a comparable
simulation results.
Numerous simulations are performed to study the effects from each parameter on
the predicted consolidation and undrained shearing behavior. The resulting simulations
serve as a basis for the development of the generalized framework of soil model input
parameter selection. The specific framework for MIT-E3 input parameter selection is also
provided in Chapter 6. The following conclusions can be drawn from this research.
1. The reliable laboratory tests are required and extremely important in order to
calibrate or evaluate the model. The calibration of the model input parameters are
very important since the input parameters control model predictions and therefore,
the selection of input parameters must be performed carefully.
2. The developments of laboratory testing techniques and equipments are very
important and often lead to better selection of soil model input parameters other
than better understanding of soil behaviors. The developments of laboratory testing
techniques and equipments often lead to the development of soil model functions to
account for more realistic predictions. The developments of Small Strain
Measurement device provides the way to determine the small strain stiffness and
therefore lead to better defined input parameters for those controlled the soil
behaviors at small strain region. The developments of automated triaxial testing
equipments advance the interpretation of soil behaviors and yield better
understanding of soil behaviors.
3. In order to obtain comparable simulation results, an appropriate Sample
Disturbance Simulation processes must be incorporated into the element simulation
program. This can be achieved by using Strain Path Method (SPM) or other
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appropriate techniques to predict the strain (or stress) history due to soil sampling
and laboratory set up processes.
4. A set of representative input parameters for any soil model can be obtained by
performing a series of element simulations (with appropriate SDS processes) to
obtain Best Fit input parameters for the interested soil behaviors (i.e., consolidation
or shearing behaviors). The simulations can be repeated to get an optimum set of
input parameters in case two or more behaviors are important for an engineering
problem.
5. MIT-E3 effective stress soil model is one of the most complex soil models. The
model predicts good consolidation behaviors as compared to the triaxial test results.
However, the complexity of the model results in the difficulty to separate the
effects or roles of each parameter. The interactions or couples of the input
parameters become a problem in selecting a set of representative input parameters.
The modulus predicted from the model is an obvious example of this kind of
problem. Therefore, in order to obtain a good prediction for both consolidation and
shearing behavior, there are two important things needed to be understood: 1) the
formulation and behavior of the model and 2) the general framework for input
parameter selection procedures.
6. The consolidation behavior of MIT-E3 soil model is controlled, mainly, by eo, X,
Ko, C and n parameters where as c, o, y (mainly for overconsolidated tests), C, n,
and St are mainly controlled the shearing behavior. Best Fit input parameters for
both consolidation and undrained shearing behaviors can be achieved by adjusting
these parameters based on the proposed element simulation steps.
The general framework for soil model input parameter selection consists of the
series of simulations performed on the element simulation program, incorporated an
appropriate Sample Disturbance Simulation processes, to obtain set of Best Fit or
representative input parameters for the interested behaviors of soils. The procedures are
straightforward and can be adopted for any soil model. The basic but important fact that
one must recognize when implement the procedures to any soil models is that the soil
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model can not be used to predict any behaviors other than those within the capability of the
model.
7.2 Recommendations for Future Research
In order to obtain the better understanding of the effects from sample disturbance
and soil model input parameter selection procedures, the following further researches are
recommended.
1. The simulations of the test elements based on the proposed simulation program
on any soils those have a good database of disturbed and intact behaviors (i.e.,
RBBC undergone sample disturbance and RBBC intact test results).
2. The incorporation of the Finite Element Method (FEM) to get comprehensive
simulations of the specimen tested in the laboratory. The specimen can be
modeled by the FEM with different strain (or stress history) at different
locations to account for more reality simulations.
3. The SDS simulations based on the newly developed soil model (i.e., MIT-S 1).
The simulation results can be used to compare with the test results and the
simulations based on MIT-E3 soil model performed in this research.
4. The development of rate-dependent soil model to get more realistic modeling of
soil behaviors and therefore leads to more realistic definitions of the small
strain stiffness at load reversal during the consolidation processes. This
development will lead to better parameter selections and hence better predicted
soil behaviors for uses in engineering projects.
5. Development of a rational method to unify the input parameters for each
separated soil layer for uses in the practical design and analysis.
6. Development of a more rigorous mathematical procedure (or search engine) to
optimize the simulation results based on an appropriate SDS simulations.
The sample disturbance processes are very important and affects laboratory tests
significantly depend upon the level of disturbance. The processes must be incorporated
into the element simulation program to achieve a comparable simulation results. The
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integration of the sample disturbance processes leads to the better approach of soil model
input parameter selection since the element will experienced the same strain (or stress)
history as the laboratory test specimen and hence eliminate the ambiguous selection of the
initial state of stress of the simulations. This research serves as the first development of the
rational framework of soil model input parameter selection procedures by incorporating the
Sample Disturbance processes into the advanced soil model simulations and provides
generalized framework for soil model input parameter selection procedures.
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Appendix A
Triaxial Testing Reference Data Sheet
This Appendix presents the summary of the triaxial test reference data sheets for
the nine triaxial tests used in this thesis. Three pages of reference data sheets are provided
for each triaxial test. The reference data sheets are presented in the numerical order (i.e.,
TX485 is presented prior TX486). The list below shows the triaxial test number and the
corresponding test type in the order presented in this Appendix with the corresponding
layer based on the soil profile presented by Morrison, 1984.
Boston Blue Clay/ Layer E
- TX485/CKoUC (NC)
e TX486/CKoUE (NC)
e TX488/CKoUC (OCR of 2)
Boston Blue Clay/ Layer D
- TX489/CKoUC (NC)
* TX492/CKoUE (NC)
" TX495/CKoUC (OCR of 2)
Boston Blue Clay/ Layer C
* TX496/CKoUE (NC)
* TX500/CKoUC (NC)
* TX502/CKoUC (OC)
The summaries of the triaxial test results are provided in Chapter 3 including the
discussions on the consolidation and undrained shearing behaviors.
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TX485 Reference Data Sheet, P.1/3
TX485
Project : 1-95
Boring: U20
Depth : 109-111 ft.
1. Instrumentation
Test by :
Sample:
Test Type:
Make/No.
Attasit Korchaiyapruk
Boston Blue Clay
CKOUC
' lnainZeo(~ tr Zr ~Fnsalibration
Factor
PP Transducer 38,0 -698.737 -0.00181 5.589 - -
CP Transducer 36 702.466 0.00137 5.583 0.00102 5.524
Load Cell 37 2718.57 -0.00114 5.582 - -
Axial DCDT 1 -2.13266 1.903 5.583 -2.008 5.524
Volume DCDT 35 -9.343681 -1.818 5.583 -1.724 5.524
V. input 39 - - - - -
1st Internal S.M. 2
2nd Internal S.M. 3
Cell No.: MIT-05 Cell Fluid: Silicone Oil
Filter Paper: Eigth vertical 1/4" X 3'/4" Pore Fluid : Distilled Water
Membranes: 2 thins
Note : During Saturation and Consolidation Process of this test, the wire from MIT-05 for Pore Pressure measurement
to Central Data Acquisition (DAQ) is out of order, therefore, the pore pressure during saturation process is assumed
and monitored to have a'c constant. During consolidation, pore pressure is assumed to be constant throughout the
process. These information can be seen in the value of pore pressure at the end of the both process that taken manually
from local voltmeter. For Undrained Shear process, the pore pressure channel was changed to channel 0 and used
throughtout this test program.
Location Top (P) Middle (P) Bottom (P) Bottom Total
Tare No. V67 Ml1 P3 X1 -
Tare & Wet Soil 25.32 30.92 33.15 50.34 139.73
Tray & Dry Soil 19.035 22.6 24.75 35.67 102.055
Tare 3.806 3.735 3.773 3.803 15.117
Wc (%) 41.27 44.10 40.04 46.04 43.34
1(cm) Ist 2 nd 3 rd AverageSpecimen Height ( 8.003 8.054 8.028 8.028333
Top Middle Bottom Average
Specimen Diameter 3.570 3.500 3.397
(cm 3) 3.532 3.545 3.537 3.528
3.556 3.590 3.525
Tare + Specimen (g) 193.63
Tare + Wax Paper (g) 53.31
Specimen (g) 140.32
:stimated o',, (ksc) 0.22
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2. Specimen Data Weights and Measures
Zero @a- start Zero @c- Finish
Zero V. input Zero V. input
TX485 Reference Data Sheet, P.2/3
3. Process Documentation
Values at the end of......
Transducer (A) Setup (B) Pressure Up
Channel Volts Eng Channel Volts Eng
Axial DCDT I - - 1 1.9078 -0.08%
Cell Pressure 36 - - 36 0.00334 0.25 ksc
Load Cell 37 - - 37 -0.00102 0.25 ksc
Pore Pressure 38 - - 38 -0.00176 0.00 ksc
Volume DCDT 35 - - 35 -1.80243 0.00%
V. in 39 - - 39 5.5494 5.54940 v
Date - 1/28/1999
Time - 11.35 AM
Date Time Back Pressure urement B Value Volume Strain
1/29/1999 2.37 PM 2.99 0.25 0.85 -3.89
1/29/1999 2.42 PM 2.98 0.25 0.74 -3.89
Saturation Check 1/29/1999 2.50 PM 2.98 0.25 0.83 -3.89
1/29/1999 4.48 PM 3.24 0.25 0.88 -3.96
1/29/1999 5.01 PM 3.23 0.25 0.84 -3.96
1/30/1999 1.10 AM 3.22 0.25 0.87 -4.00
Values at the end of......
Transducer (C) Saturation (D) Consolidation
Channel Volts Eng Channel Volts Eng
Axial DCDT 1 1.95963 -0.33% 1 0.931 11.40%
Cell Pressure 36 0.02855 3.44 ksc 36 0.05064 6.25 ksc
Load Cell 37 -0.00073 3.46 ksc 37 0.05715 28.88 kg
Pore Pressure 38 -0.02704 3.18 ksc 38 -0.0278 3.26 ksc
Volume DCDT 35 1.99233 -0.32% 35 -1.741 11.51%
V. in 39 5.539 5.539 v 39 5.524 5.524 v
Date 1/30/1999 2/5/1999
Time 2.15 AM 12.25 PM
Values at the end of...
Transducer (E) Swelling (F) Shearing
Channel Volts Eng Channel Volts Eng
Axial DCDT I - - 1 -2.022 25.61%
Cell Pressure 36 - - 36 0.05063 6.24 ksc
Load Cell 37 - - 37 0.05626 29.06 kg
Pore Pressure 38 - - 38 -0.04359 5.30 ksc
Volume DCDT 35 - - 35 -1.742 11.51%
V. in 39 - - 39 5.524 5.524 v
Date - 2/6/1999
Time - 11.12 PM
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TYARS Reference Tts Sheet P 1/1
4. Data Acquisition Files
File Name Date/Time Process Remark
TX485B 1/28/1999 Saturation Increase BP to 3.25 and 3.50 ksc at 01/29/99, 2.50PM and 5.05 PM, respectively
TX485C 1/30/1999 Consolidation Wire from MIT-05 to DAQ for PP measurement is
out of order
Test file for changing channel of PP from channelTX485C-2 2/4/1999 Consolidation 38t cane
38 to channel 0
TX485S 2/4/1999 Shearing Undrained Shear File
5. Special Note
@ B compute initial effective stress a', = c - ui = 0.22 ksc
@ C change volume DCDT zero to have Ea = EvOj
New zero = (Vv-(Ea*Volume*Vino)/(CFv*100))/Vin = 0.331747 v/v
@ D for SHANSEP test be sure that
Ea > 10%
a'x is on for 24 hrs prior to unload, for OC test, or shear
@ D or E prior to undrained shear
close drain line for 30 and monitor Pore Pressure
PP open = N/A PP closed = -27.46 my PP 30 min. = -27.76 my
6. Post Shear Measurement
Weights and Measures
Location Top Middle Bottom Total
Tare No. S-6 C14 C34
Tare & Wet Soil 36.71 35.15 77.2 149.06
Tare & Dry soil 27.81 27.18 57.4 112.39
Tare 3.804 5.999 5.756 15.559
Wc (%) 37.07 37.63 38.34 37.87
r- - - --
Front Side
r -- -- -
7. Post Shear Specimen Dimensions
1 st 2 nd 3 rd Average
Specimen Height (cm) 6.007 6.173 6.053 6.07767
Top Middle Bottom Average
Specimen Diameter (cm) 3.653 4.153 3.6753.705 4.156 3.653 3.81178
3.655 4.103 3.553
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TX486 Reference Data Sheet, P.1/3
TX486
Project : [-95
Boring: U20
Depth: 109-111 ft.
1. Instrumentation
Test by:
Sample:
Test Type:
Make/No. Calibration
Factor Zero
Attasit Korchaiyapruk
Boston Blue Clay
CKOUE
Zero @ Start
V. input
Zero @ Finish
Zero V. input
PP Transducer 111 -704.504 -0.02607 5.457 - -
CP Transducer 109 703.585 0.00215 5.455 0.00183 5.439
Load Cell 110 1382.221 0.00484 5.444 - -
Axial DCDT 108 2.5976 -0.058 5.446 -0.318 5.439
Volume DCDT 112 -9.339 -1.88 5.448 -0.839 5.439
V. input 113 - - - - -
1st Internal S.M. 133
2nd Internal S.M. 134
Cell No. : MIT-04 Cell Fluid: Silicone Oil
Filter Paper: Five spiral 1/4" x 8" Pore Fluid : Distilled Water
Membranes: 2 thins
Note :
2. Specimen Data Weights and Measures
Location Top (P) Middle (P) Bottom (P) Bottom Total
Tare No. M18 S-7 M13 X-S -
Tare & Wet Soil 30.07 40.64 35.18 32.54 138.43
Tray & Dry Soil 22.53 29.73 26.56 23.87 102.69
Tare 3.798 3.823 3.686 3.735 15.042
We 40.25 42.11 37.68 43.06 40.78
1st 2 nd 3 rd Average
Specimen Height (cm) 8.063 8.031 7.999 1 8.031
Top Middle Bottom Average
Specimen Diameter 3.554 3.594 3.578
(cm3) 3.544 3.610 3.569 3.58233
3.557 3.632 3.603
Tare + Specimen (g) 196.75
Tare + Wax Paper (g) 50.17
.Specimen (,) 146.58Estimated aYO (ksc) 0.22
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3. Process Documentation
Values at the end of...
Transducer (A) Setup (B) Pressure Up
Channel Volts Eng Channel Volts Eng
Axial DCDT 108 - - 108 -0.05177 0.03%
Cell Pressure 109 - - 109 0.00399 0.25 ksc
Load Cell 110 - - 110 0.0051 0.26 ksc
Pore Pressure 111 - - 111 -0.02581 0.05 ksc
Volume DCDT 112 - - 112 -1.83614 -0.01%
V.in 113 - - 113 5.31701 5.31701 v
Date -_1/29/1999
Time -_3.07 PM
Date Time Back Pressure Pressure B Value Volume StrainIncrement (%
1/30/1999 1.15 PM. 3.22 0.25 0.98 -3.14
Saturation Check
Values at the end of......
Transducer (C) Saturation (D) Consolidation
Channel Volts Eng Channel Volts Eng
Axial DCDT 108 -0.06678 -0.05% 108 1.659 10.20%
Cell Pressure 109 0.02886 3.45 ksc 109 0.05452 6.78 ksc
Load Cell 110 0.00488 3.46 ksc 110 0.09973 24.10 kg
Pore Pressure 111 -0.05066 3.19 ksc 111 -0.05059 3.16 ksc
Volume DCDT 112 -0.3941 -3.14% 112 -0.85 10.28%
V.in 113 5.44116 5.44116 v 113 5.441 5.441 v
Date 1/30/1999 2/9/1999
Time 1.25 PM 10.30 AM
Values at the end of......
Transducer (E) Swelling (F) Shearing
Channel Volts Eng Channel Volts Eng
Axial DCDT 108 - - 108 - -
Cell Pressure 109 - - 109 - -
Load Cell 110 - - 110 - -
Pore Pressure Ill - - 111 - -
Volume DCDT 112 - - 112 - -
V. in 113 - - 113 - -
Date - _-
Time - _-
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4. Data Acquisition Files
File Name Date/Time Process Remark
TX486B 1/29/1999 Saturation B value = 0.98 ------ > OK.
TX486C 1/30/1999 Consolidation Found a little problem with axial motor
TX486S 2/9/1999 Shearing
TX486S-2 2/9/1999 Shearing A little problem with computer, so that this file isT2the continued file for undrained shear
5. Special Note
@ B compute initial effective stress Y', = ac - ui = 0.22 ksc
@ C change volume DCDT zero to have Ea = Ey,
New zero = (Vv-(Ea*Volume*Vino)/(CFv*100))/Vin = 0.34811464 v/v
@ D for SHANSEP test be sure that
Ea > 10 %
o'vmax is on for 24 hrs prior to unload, for OC test, or shear
@ D or E prior to undrained shear
close drain line for 30 and monitor Pore Pressure
PP open = -50.59 my PP closed = -50.63 my PP 30 min. = -50.17 my
6. Post Shear Measurement
Weights and Measures
Location Top Middle Bottom Total
Tare No. P34 S-15 P-1
Tare & Wet Soil 46.47 53.3 52.12 151.89
Tare & Dry soil 35.56 40.16 39.04 114.76
Tare 3.764 3.732 3.797 11.293
Wc (%) 34.31 36.07 37.11 35.89
r
I I
I I
I I
I I
Front * I* I
* I
* I
* I
Side
7. Post Shear Specimen Dimensions
I st 2 nd 3 rd AverageSpecimen Height (cm) 8.145 8.022 8.155 8.10733
Top Middle Bottom Average
3.434 3.408 3.56
Specimen Diameter (cm) 3.47 3.337 3.445 3.42878
3.355 3.399 3.451
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TX488
Project : 1-95
Boring : U19
Depth: 104-106 ft.
1. Instrumentation
Test by:
Sample:
Test Type:
Attasit Korchaiyapruk
Boston Blue Clay
CKUC (OC typed Test)
PP Transducer 111 -704.504 -0.02615 5.433 -0.02525 5.408
CP Transducer 109 703.585 0.00164 5.433 0.00184 5.410
Load Cell 110 1382.221 0.00477 5.433 0.00482 5.408
Axial DCDT 108 2.5976 -1.834 5.433 - -
Volume DCDT 112 -9.339 -1.392 5.398 - -
V. input 113 - - - - -
1st Internal S.M. 133
2nd Internal S.M. 134 1 1
Cell No.: MIT-04 Cell Fluid : Silicone Oil
Filter Paper: Eight Vertical 1/4' x 3 1/2 Pore Fluid: Distilled Water
Membranes :2 thins
Torvane Test Results
No. / Test Location Top Bottom
1 0.325 0.375
2 0.375 0.375
3 0.375 0.385
Average 0.358 0.378
Location Top (P) Middle (P) Bottom (P) Bottom Total
Tare No. kx-14 M17 M14 W-3 -
Tare & Wet Soil 43.45 31.15 35.16 34.55 144.31
Tray & Dry Soil 32.15 22.94 25.87 25.04 106
'Tare 3.953 3.758 3.833 3.759 15.303
Wc (%) 40.08 42.80 42.16 44.69 42.24
Specimen Height (cm) 208 8 nd 8 rd Average
Top Middle Bottom Average
Specimen Diameter 3.541 3.601 3.624
(cm 3) 3.569 3.649 3.660 3.61533
3.576 3.672 3.646
Tare + Specimen (g) 202.49
Tare + Wax Paper (g) 50.13
Specimen (g) 152.36
Estimated a-,, (ksc) 0.25
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Make/No. Calibration Zero (~ Start Zero @ Finishalibration
Factor Zero V. input Zero V. input
2. Specimen Data Weights and Measures
ake/ o. Zero @ Start Zero @ Finish
ro . input Zero V.iput
TX488 Reference Data Sheet, P.2/3
3. Process Documentation
Values at the end of...
Transducer (A) Setup Values (B) Pressure Up
Channel Volts Eng Channel Volts Eng
Axial DCDT 108 - - 108 -1.858 -
Cell Pressure 109 - - 109 0.00341 -
Load Cell 110 - - 110 0.0053 -
Pore Pressure 111 - - 111 -0.02516 -
Volume DCDT 112 - - 112 -1.333 -
V. in 113 - - 113 5.371 5.371
Date - 3/12/1999
Time - 5.30 pm
Date Time Back Pressure Pressure B Value Volume Strain3/13/1999_ 152Increment 0.250.93-.6(%)
3/13/1999 10.55 am 2.74 0.25 0.93 -2.86
3/13/1999 11.00 am 2.74 0.35 0.88 -2.86
Saturation Check 3/13/1999 11.05 am 2.74 0.45 0.88 -2.86
3/13/1999 11.10 am 2.74 0.25 0.8 -2.86
3/14/1999 4.00 pm 2.81 0.25 0.98 -2.99
Values at the end of.
Transducer (C) Saturation (D) Consolidation
Channel Volts Eng Channel Volts Eng
Axial DCDT 108 -1.8717 -0.33% 108 0.09137 11.22%
Cell Pressure 109 0.02506 3.06 ksc 109 0.04895 6.19 ksc
Load Cell 110 0.00426 -0.06 kg 110 0.10839 26.64 kg
Pore Pressure 111 -0.04711 2.78 ksc 111 -0.0467 2.72 ksc
VolumeDCDT 112 0.07125 -2.98% 112 -1.51097 11.17%
V. in 113 5.379 5.379 v 113 5.381 5.524 v
Date 3/14/1999 3/18/1999
Time 4.25 pm 10.47 am
Values at the end of.
Transducer (E) Swelling (F) Shearing
Channel Volts Eng Channel Volts Eng
Axial DCDT 108 -0.00065 10.68% 108 1.67269 20.63%
Cell Pressure 109 0.0400 5.02 ksc 109 0.03975 5.05 ksc
Load Cell 110 0.03405 7.54 kg 110 0.10778 26.80 kg
Pore Pressure 111 -0.04667 2.72 ksc 111 -0.05571 3.99 ksc
Volume DCDT 112 -1.23344 10.61% 112 -1.21502 10.60%
V.in 113 5.382 5.382 v 113 5.318 5.318 v
Date 3/19/1999 3/20/1999
Time 11.45 am 1.15 pm
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4. Data Acquisition Files
File Name Date/Time Process Remark
TX488B 3/12/1999 Saturation
TX488C 3/14/1999 Consolidation Test ----- Not Use-------
TX488C-2 3/14/1999 Consolidation Ko Consolidation test, OC typed test
TX488S 3/19/1999 Shearing Undrained Shear File
5. Special Note
@ B compute initial effective stress a' = cc - ui = 0.25 ksc
@ C change volume DCDT zero to have Ea = Eyo
New zero = (Vv-(Ea*Volume*Vino)/(CFv*100))/Vin = 0.746177 v/v
@ D for SHANSEP test be sure that
Ea> 10%
GIvmax is on for 24 hrs prior to unload, for OC test, or shear
@ D or E prior to undrained shear
close drain line for 30 and monitor Pore Pressure
PP open = -46.85 my PP closed = 46.83 my PP 30 min. = -46.60 my
6. Post Shear Measurement
Weights and Measures
Location Top Middle Bottom Total
Tare No. 58 J31 A23
Tare & Wet Soil 50.78 56.82 49.74 157.34
Tare & Dry soil 40.06 43.72 37.82 121.6
Tare 6.657 4.21 4.193 15.06
Wc (%) 32.09 33.16 35.45 33.55
-I
Front
SI
I I
I a
I 3
Side
7. Post Shear Specimen Dimensions
1 st 2 nd 3 rd Average
Specimen Height (cm) 6.685 6.73 6.68 6.69833
Top Middle Bottom Average
3.666 3.996 3.756
Specimen Diameter (cm) 3.671 4.031 3.771 3.80489
3.696 3.986 3.671
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TX489
Project : 1-95
Boring: U10
Depth : 62-64 ft.
1. Instrumentation
Test by:
Sample:
Test Type:
Attasit Korchaiyapruk
Boston Blue Clay
CKOUC
PP Transducer 38,0 -698.737 -0.00173 5.519 -0.00187 5.520
CP Transducer 36 702.466 0.00096 5.521 0.00115 5.520
Load Cell 37 2718.57 -0.00118 5.519 -0.00109 5.520
Axial DCDT 1 -2.13266 1.798 5.520 - -
Volume DCDT 35 -9.343681 -1.021 5.520 -
V. input 39 - - - -
1st Internal S.M. 2
2nd Internal S.M. 3
Cell No. : MIT-05 Cell Fluid: Silicone Oil
Filter Paper: Eight vertical 1/4" x 3 1 Pore Fluid: Distilled Water
Membranes : 2 thins
Torvane Test Results
No. / Test Location Top Bottom
1 0.440 0.460
2 0.450 0.480
3 0.425 0.475
Average 0.438 0.472
2. Specimen Data Weights and Measures
Location Top (P) Middle (P) Bottom (P) Bottom Total
TareNo. T-13 M1l P3 X1 -
Tare & Wet Soil 21.22 39.9 42.25 54.12 157.49
Tray & Dry Soil 16.62 28.68 32.37 38.54 116.21
Tare 4.229 4.024 3.793 5.83 17.876
Wc (%) 37.12 45.51 34.57 47.63 41.98
1 st 2 nd 3 rd Average
Specimen Height (cm) 8.184 8.141 8.151 8.158667
Top Middle Bottom Average
Specimen Diameter 3.662 3.662 3.688
(cm 3) 3.609 3.652 3.696 3.660889
3.642 3.670 3.667
ITare + Specimen (q) 182.83 Not include clamp
Not include clamp
Make/No. 
Zero @ Start 
Zero @ Finish 
CalibrationCalibration
Factor Zero V. input Zero V. input
Tare + Wax Paper (g) 28.79
Specimen (q) 154.04
Estimatea (k sc) 0.44
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,. Zero @ Start Zero @ Finish
V. inpu Zero V. input
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3. Process Documentation
Values at the end of....
Transducer (A) Setup (B) Pressure Up
Channel Volts Eng Channel Volts Eng
Axial DCDT 1 - - 1 1.790 -
Cell Pressure 36 - - 36 0.00448 -
Load Cell 37 - - 37 -0.001 -
Pore Pressure 38,0 - - 38,0 -0.00198 -
Volume DCDT 35 - - 35 -1.035 -
V. in 39 - - 39 5.520 5.520 v
Date - 3/12/1999
Time - 6.00 pm
Date Time Back Pressure Pressure B Value Volume Strain
Increment (%)
3/13/1999 11.05 am 2.54 0.25 0.83 -2.52
3/13/1999 11.10 am 2.54 0.35 0.85 -2.52
Saturation Check 3/13/1999 11.20 am 2.54 0.45 0.84 -2.52
3/14/1999 3.55 pm 2.57 0.25 0.98 -2.14
Values at the end of.
Transducer (C) Saturation (D) Consolidation
Channel Volts Eng Channel Volts Eng
Axial DCDT 1 1.781 0.06% 1 -0.78034 12.23%
Cell Pressure 36 0.02453 3.00 ksc 36 0.03623 4.51 ksc
Load Cell 37 -0.00131 -0.06 kg 37 0.05435 27.50 kg
Pore Pressure 38, 0 -0.02204 2.55 ksc 38, 0 -0.0221 2.60 ksc
Volume DCDT 35 0.0569 -2.14% 35 -0.75336 13.10%
V.in 39 5.520 5.520 v 39 5.492 5.492 v
Date 3/14/1999 3/19/1999
Time 4.10 pm 11.53 am
Values at the end of.
Transducer (E) Swelling (F) Shearing
Channel Volts Eng Channel Volts Eng
Axial DCDT I - - 1 -3.19883 23.74%
Cell Pressure 36 - - 36 0.03618 4.51 ksc
Load Cell 37 - - 37 0.0362 18.34 kg
Pore Pressure 38, 0 - - 38, 0 -0.03372 4.08 ksc
Volume DCDT 35 - - 35 -0.77164 13.13%
V. in 39 - - 39 5.492 5.492 v
Date -_3/20/1999
Time -_1.20 pm
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4. Data Acquisition Files
File Name Date/Time Process Remark
TX489C 3/14/1999 Consolidation
TX489S 3/19/1999 Shearing
5. Special Note
@ B compute initial effective stress Y', = ac - uj = 0.44 ksc
@ C change volume DCDT zero to have E,= voi
New zero = (Vv-(Ea*Volume*Vino)/(CFv*100))/Vin = 0.01621370 v/v
@ D for SHANSEP test be sure that
Ea > 10%
avmax is on for 24 hrs prior to unload, for OC test, or shear
@ D or E prior to undrained shear
close drain line for 30 and monitor Pore Pressure
PP open = -22.41 my PP closed = -22.55 my PP 30 min. = -23.68 my
6. Post Shear Measurement
Weights and Measures
Location Top Middle Bottom Total
Tare No. A26 C1 J21
Tare & Wet Soil 51.64 57.93 51.63 161.2
Tare & Dry soil 39.32 43.63 38.45 121.4
Tare 3.897 6.351 4.211 14.459
Wc (%) 34.78 38.36 38.49 37.22
Front Side
I I
I I
7. Post Shear Specimen Dimensions
m st 2 nd 3 rd Average
Specimen Height (cm) 6. 6.185 6.205 6.19667
Top Middle Bottom Average
3.826 4.256 3.786
Specimen Diameter (cm) 3.866 4.301 3.801 3.96489
3.811 4.266 3.771
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TX492
Project :1-95
Boring: U10
Depth : 62-64 ft.
Test by:
Sample:
Test Type:
Attasit Korchaiyapruk
Boston Blue Clay
CKOUE
1. Instrumentation Make/No. Calibration Zero @ Start Zero @ Finish
Factor Zero V. input Zero V. input
PP Transducer 38,0 -698.737 -0.00179 5.520 -0.00175 5.520
CP Transducer 36 702.466 0.00098 5.520 0.00105 5.520
Load Cell 37 2718.57 -0.00120 5.520 -0.00123 5.520
Axial DCDT 1 -2.13266 1.768 5.520 - -
Volume DCDT 35 -9.343681 -1.744 5.520 - -
V. input 39 - - -
1st Internal S.M. 2
2nd Internal S.M. 3
Cell No.: MIT-05 Cell Fluid: Silicone Oil
Filter Paper : Five Spiral 1/4" X 8" Pore Fluid : Distilled Water
Membranes : 2 thins
Torvane Test Results
No. / Test Location Top Bottom
1 0.450 0.450
2 0.475 0.475
3 0.450 0.475
Average 0.458 0.467
Location Top (P) Middle (P) Bottom (P) Bottom Total
Tare No. J66 J68 J26 A3 -
Tare & Wet Soil 40.56 77.25 74.04 40.37 232.22
Tray & Dry Soil 32.31 55.75 52.68 29.98 170.72
rare 8.254 8.22 4.206 5.046 25.726
Wc (%) 34.29 45.23 44.06 41.67 42.42
Specimen Height (cm) 8183 8 154 3 r Average
Top Middle Bottom Average
Specimen Diameter 3.526 3.540 3.533
(cm 3) 3.568 3.632 3.502 3.55689
3.612 3.504 3.595
Tare + Specimen (g) 196.13
Tare + Wax Paper (g) 52.84
Specimen (q) 143.29
Estimated ay, (ksc) 0.51
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TX492 Reference Data Sheet, P.2/3
3. Process Documentation
Values at the end of........
Transducer (A) Setup (B) Pressure Up
Channel Volts Eng Channel Volts Eng
Axial DCDT 1 - - 1 1.757 0.14%
Cell Pressure 36 - - 36 0.0057 0.60 ksc
Load Cell 37 - - 37 -0.00103 0.10 kg
Pore Pressure 38, 0 - - 38, 0 -0.00208 0.08 ksc
Volume DCDT 35 - - 35 -1.744 0.00%
V. in 39 - - 39 5.520 5.520 v
Date --
Time -_-
Date Time Back Pressure Pressure B Value Volume Strain3/26199_4.0_p 2.40___0.25Increment (%)
3/26/1999 4.20 pm 2.40 0.25 0.88 -2.00
SauainCek 3/26/1999 4.30 pm 2.40 0.25 0.84 -2.00
Saturation Check 3/27/1999 9.45 pm 2.99 0.25 0.91 -2.21
3/27/1999 10.00 pm 2.99 0.25 0.93 -2.24
3/28/1999 11.30 pm 2.98 0.25 0.98 -2.30
Values at the end of.
Transducer (C) Saturation (D) Consolidation
Channel Volts Eng Channel Volts Eng
Axial DCDT 1 1.751 0.17% 1 -0.439 10.55%
Cell Pressure 36 0.02866 3.52 ksc 36 0.05288 6.60 ksc
Load Cell 37 -0.00103 0.10 kg 37 0.0476 24.02 kg
Pore Pressure 38, 0 -0.02555 2.98 ksc 38, 0 -0.02574 3.02 ksc
Volume DCDT 35 -0.643 -2.30% 35 1.289 10.67%
V. in 39 5.520 5.520 v 39 5.521 5.521 v
Date 3/28/1999 4/1/1999
Time 11.35 pm -
Values at the end of.
Transducer (E) Swelling (F) Shearing
Channel Volts Eng Channel Volts Eng
Axial DCDT 1 - - 1 -
Cell Pressure 36 - - 36 -
Load Cell 37 - - 37 -
Pore Pressure 38,0 - - 38,0 -
Volume DCDT 35 - - 35 -
V.in 39 - - 39 -
Date - _-
Time - _-
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4. Data Acquisition Files
File Name Date/Time Process Remark
TX492C 3/28/1999 Consolidation
TX492S 4/1/1999 Shearing
5. Special Note
@ B compute initial effective stress a1 = aC - uj = 0.51 ksc
@ C change volume DCDT zero to have Ea = Evol
New zero = (Vv-(Ea*Volume*Vino)/(CFv*100))/Vin = 1.164997 v/v
@ D for SHANSEP test be sure that
Ea > 10%
' vmax is on for 24 hrs prior to unload, for OC test, or shear
@ D or E prior to undrained shear
close drain line for 30 and monitor Pore Pressure
PP open = -25.76 my PP closed = -25.73 my PP 30 min. = -25.93 my
6. Post Shear Measurement
Weights and Measures
Location Top Middle Bottom Total
Tare No. -_- _ -B52
Tare & Wet Soil - 157.24
Tare & Dry soil - 123.57
Tare -_-_- _24.78
We (%) 34.08
Note that for this sample, I dried the whole sample without cut it to small pieces.
I.
Front a a
a a
-I
At first
Side
I-I
I I
a a
a a
I a
I-a
Front
I.
a a
.................. a
Side
At Final
7. Post Shear Specimen Dimensions
Speimn eiht(c)1 st 2 nd 3 rd AverageSpecimen Height8.32 8313 8.31533
Top Middle Bottom Average
3.47 3.366 2.97
Specimen Diameter (cm) 3.407 3.648 3.004 3.27111
3.407 3.284 2.884
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TX495
Project : 1-95
Boring: U12
Depth : 69-71 ft
1. Instrumentation
Test by: Attasit Korchaiyapruk
Sample: Boston Blue Clay
Test Type: CK0 UC (OC)
PP Transducer 38,0 -698.737 -0.00194 5.520 -0.00188 5.521
CP Transducer 36 702.466 0.00106 5.521 0.00105 5.521
Load Cell 37 2718.57 -0.00121 5.520 -0.00118 5.521
Axial DCDT 1 -2.13266 1.867 5.521 - 0.138 5.521
Volume DCDT 35 -9.343681 1.615 5.521 -0.785 5.521
V. input 39 - - - - -
Ist Internal S.M. 2
2nd Internal S.M. 3
Cell No. : MIT-05 Cell Fluid: Silicone Oil
Filter Paper : Eight vertical 1/4" x 3 '2" Pore Fluid : Distilled Water
Membranes : 2 thins
Torvane Test Results
No. / Test Location Top Bottom
1 0.400 0.400
2 0.400 0.400
3 0.410 0.37
Average 0.403 0.390
Location Top (P) Middle (P) Middle (P) Bottom Total
Tare No. T60 G4 T-15 T47 -
Tare & Wet Soil 46.4 68.39 66.41 47.01 228.21
Tray & Dry Soil 37.61 57.12 53.41 38.12 186.26
Tare 18.13 24.74 18.025 17.98 78.875
Wc (%) 45.12 34.81 36.74 44.14 39.07
S ecme Higt c1 st 2 nd 3 rd Averageg(cm) 1 8.090 8.094 8.093667
Top Middle Bottom Average
Specimen Diameter 3.617 3.568 3.626
(cm ) 3.613 3.593 3.577 3.608
3.646 3.618 3.614
Tare + Specimen (g) 205
Tare + Wax Paper (g) 52.83
Specimen (g) 152.17
Estmateda'vo (ksc) 0.25
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Make/No. Calibration Zero @ Start Zero @ Finishalibration
Factor Zero
2. Specimen Data Weights and Measures
. Zero @ Start Zero @ Finish
V. input IZero 1 V. input
TX495 Reference Data Sheet, P.2/3
3. Process Documentation
Values at the end of.......
Transducer (A) Setup (B) Pressure Up
Channel Volts Eng Channel Volts Eng
Axial DCDT 1 - - 1 1.855 0.07%
Cell Pressure 36 - - 36 0.00298 0.25 ksc
Load Cell 37 - - 37 -0.00101 0.11 kg
Pore Pressure 38, 0 - - 38, 0 -0.00192 -0.00 ksc
Volume DCDT 35 - - 35 -1.615 -0.00 %
V. in 39 - - 39 5.522 5.522 v.
Date -_4/29/1999
Time -_11.20 pm
Date Time Back Pressure Pressure B Value Volume Strain
Increment (%)
4/30/1999 4.05 pm 2.73 0.25 0.99 -1.30%
Saturation Check
Values at the end of.
Transducer (C) Saturation (D) Consolidation at the beginning of S.C.
Channel Volts Eng Channel Volts Eng
Axial DCDT 1 1.847 0.10% 1 -0.346 10.58%
Cell Pressure 36 0.02458 2.99 ksc 36 0.04713 5.86 ksc
Load Cell 37 -0.00129 -0.03 kg 37 0.05562 28.02 kg
Pore Pressure 38, 0 -0.0235 2.74 ksc 38, 0 -0.02368 2.74 ksc
Volume DCDT 35 -0.973 -1.31% 35 -0.784 10.56%
V. in 39 5.520 5.520 v 39 5.521 5.521 v
Date 4/30/1999 5/2/1999
Time 4.02 pm Midnight
Values at the end of.
Transducer (E) Swelling at the beginning of S.C. (F) Shearing
Channel Volts Eng Channel Volts Eng
Axial DCDT 1 -0.400 10.84% 1 0.124 -
Cell Pressure 36 0.03878 4.80 ksc 36 0.0395 4.80 ksc
Load Cell 37 0.01714 9.01 kg 37 0.05261 27.35 kg
Pore Pressure 38, 0 -0.02338 2.71 ksc 38, 0 -0.0323 3.85 ksc
Volume DCDT 35 -0.794 10.58 ksc 35 -0.785 10.56%
V. in 39 5.521 5.521 v 39 5.523 5.523 v
Date 5/5/1999 5/7/1999
Time 7.20 pm 11.05 pm
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4. Data Acquisition Files
File Name Date/Time Process Remark
TX495C 4/30/1999 Consolidation
TX495S 5/6/1999 Shearing
5. Special Note
@ B compute initial effective stress a' = ac - ui = 0.25 ksc
@ C change volume DCDT zero to have Ea = Eye,
New zero= (Vv-(Ea*Volume*Vin 0 )/(CFv*100))/Vin =........... v/v
@ D for SHANSEP test be sure that
sa > 10 %
O'vmax is on for 24 hrs prior to unload, for OC test, or shear
@ D or E prior to undrained shear
close drain line for 30 and monitor Pore Pressure
PP open = -23.38 my PP closed = -23.38 my PP 30 min. = -23.60 my
6. Post Shear Measurement
Weights and Measures
Location Top Middle Bottom Total
Tare No. L18 J46 S6
Tare & Wet Soil 47.84 68.49 60.08 176.41
Tare & Dry soil 37.06 56.55 48.34 1141.95
Tare 9.534 11.169 13.134 33.837
Wc (%) 39.16 26.31 33.35 31.87
Front
I .. .. .
r -
Side
7. Post Shear Specimen Dimensions
S1 st 2 nd 3 rd Average
Specimen Height (cm) 6.353 6.415 6.366 6.37800
Top Middle Bottom Average
3.788 3.960 3.708
Specimen Diameter (cm) 3.679 3.940 3.713 3.79778
3.700 3.949 3.743
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TX496
Project : 1-95
Boring: U5
Depth : 42-44 ft.
1. Instrumentation
Test by: Attasit Korchaiyapruk
Sample: Boston Blue Clay
Test Type: CKUE
Factor Zero V. input Zero V. input
PP Transducer 111 -704.504 -0.0256 5.366 - -
CP Transducer 109 703.585 0.00185 5.432 0.00177 5.406
Load Cell 110 1382.221 0.00444 5.366 0.00442 5.393
Axial DCDT 108 2.5976 -1.891 5.432 -1.695 5.40
Volume DCDT 112 -9.339 -1.743 5.432 1.188 5.393
V. input 113 - - - - -lst Internal S.M. 133 -
2nd Internal S.M. 134 -- 1
Cell No.: MIT-04 Cell Fluid: Silicone Oil
Filter Paper Five Spiral 1/4" x 8" Pore Fluid: Distilled Water
Membranes 2 thins
Torvane Test Results
No. / Test Location Top Bottom
1 0.425 0.500
2 0.525 0.450
3 0.475 0.500
Average 0.475 0.483
2. Specimen Data Weights and Measures
Location Top (P) Middle (P) Bottom (P) Bottom Total
Tare No. S7 A57 71 X-5 -
Tare & Wet Soil 36.89 48.59 49.94 33.73 169.15
Tray & Dry Soil 28.59 37.91 40.47 26.6 133.57
Tare 3.78 6.768 12.154 3.734 26.436
Wc 33.45 34.29 33.44 31.18 33.21
Specimen Height (cm) 8 151 8.139 83139 Average
Top Middle Bottom Average
Specimen Diameter 3.683 3.682 3.632
(cm3) 3.658 3.631 3.628 3.64700
3.664 3.620 3.625
Tare + Specimen (g) 214.76
Tare + Wax Paper (g) 52.81
Specimen (g) 161.95
Estimated a7y, (kSc) 0.21
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@ Fnish(..llbrt'o
Make/No. Calibration Zero @ Start Zero @a- Finish
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3. Process Documentation
Values at the end of....
Transducer (A) Setup (B) Pressure Up
Channel Volts Eng Channel Volts Eng
Axial DCDT 108 - - 108 -1.8945 -0.02%
Cell Pressure 109 - - 109 0.0037 0.25 ksc
Load Cell 110 - - 110 0.00485 0.26 ksc
Pore Pressure Ill - - 111 -0.02643 0.04 ksc
Volume DCDT 112 - - 112 -1.741 0.00%
V.in 113 - - 113 5.429 5.429 v
Date -_4/30/1999
Time -_3.48 pm
Date Time Back Pressure Inremet B Value Volume Strain
5/1/1999 2.15 pm 2.76 0.25 0.98 -1.58
Saturation Check
Values at the end of.
Transducer (C) Saturation (D) Consolidation
Channel Volts Eng Channel Volts Eng
Axial DCDT 108 -1.889 0.01% 108 -0.577 7.72%
Cell Pressure 109 0.02492 3.00 ksc 109 0.0482 6.02 ksc
Load Cell 110 0.00446 3.00 ksc 110 0.11673 8.75 ksc
Pore Pressure 111 -0.04749 2.77 ksc 111 -0.0473 2.75 ksc
Volume DCDT 112 -0.950 -1.59% 112 -1.189 7.73%
V.in 113 5.430 5.430 v 113 5.428 5.433 v
Date 5/1/1999 5/5/1999
Time 2.10 pm 4.00 pm
Values at the end of....
Transducer (E) Swelling (F) Shearing
Channel Volts Eng Channel Volts Eng
Axial DCDT 108 - - 108 -
Cell Pressure 109 - - 109 -
Load Cell 110 - - 110 -
Pore Pressure 111 - - 111 -
Volume DCDT 112 - - 112 -
V.in 113 - - 113 -
Date - _-
Time - _-
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4. Data Acquisition Files
File Name Date/Time Process Remark
TX496C 5/1/1999 Consolidation
TX496S 5/5/1999 Shearing
5. Special Note
@ B compute initial effective stress a, = a7 - u = 0.21 ksc
@ C change volume DCDT zero to have E- = Eyoi
New zero = (Vv-(Ea*Volume*Vino)/(CFv*100))Nin = ............ v/v
@ D for SHANSEP test be sure that
Ea > 10%
a'vm is on for 24 hrs prior to unload, for OC test, or shear
@ D or E prior to undrained shear
close drain line for 30 and monitor Pore Pressure
PP open = -47.29 mv PP closed -47.30 my PP 30 min. = -46.90 my
6. Post Shear Measurement
W ights and Measures
Location Top Middle Bottom Total
Tare No. J6 50 L25
Tare & Wet Soil 64.44 57.77 64.02 186.23
Tare & Dry soil 52.83 47.16 51.99 151.98
Tare 11.016 10.456 3.456 24.928
Wc (%) 27.77 28.91 24.79 26.96
Front
r - - - - -
-------
Side
7. Post Shear Specimen Dimensions
Se1 st 2 nd 3 rd Average
Specimen Height (cm) 8.715 8.706 8.698 8.70633
Top Middle Bottom Average
3.434 3.451 2.933
Specimen Diameter (cm) 3.479 3.419 3.022 3.30389
3.493 3.416 3.088
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TX500
Project : 1-95
Boring: U5
Depth : 42-44 ft.
1. Instrumentation
Test by:
Sample:
Test Type:
Make/No. Calibration
Factor Zero
Attasit Korchaiyapruk
Boston Blue Clay
CKUC(NC)
Zero @ Start
V. input Zero
Zero @ Finish
V. input
PP Transducer 38,0 -698.737 -0.002 5.521 -0.00185 5.293
CP Transducer 36 702.466 0.00103 5.521 0.0011 5.294
Load Cell 37 2718.57 -0.00130 5.521 -0.00119 5.293
Axial DCDT 1 -2.13266 1.834 5.521 -2.246 5.293
Volume DCDT 35 -9.343681 -1.799 5.521 -
V. input 39 - - - -
1st Internal S.M. 2 -0.025418 - - -
2nd Internal S.M. 3 -0.023514 - - -
Cell No. : MIT-05 Cell Fluid: Silicone Oil
Filter Paper: Eight Vertical 1/4" X 3/4" Pore Fluid: Distilled Water
Membranes: 2 thins
Torvane Test Results
No. / Test Location Top Bottom
1 0.450 0.400
2 0.375 0.350
3 0.475 0.400
Average 0.433 0.383
2. Specimen Data Weights and Measures
Location Top (P) Middle (P) Bottom (P) Bottom Total
Tare No. V67 T-80 C-5 Y5 -
Tare & Wet Soil 33.73 102.67 131.95 25.89 294.24
Tray & Dry Soil 26.13 77.83 99.17 19.025 222.155
Tare 3.803 18.255 19.788 3.787 45.633
Wc (%) 34.04 41.70 41.29 45.05 40.84
i 1st 2nd 3rd Average
Specimen Height (cm) 8.097 8.094 8.099 8.096666667
Top Middle Bottom Average
Specimen Diameter 3.598 3.597 3.565
(cm3 3.604 3.610 3.572 3.58833
3.588 3.612 3.549
Tare + Specimen (g) 204.1
Tare + Wax Paper (g) 52.82
Specimen (g) 151.28
tstimated T',, (ksc) 0.33
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3. Process Documentation
Values at the end of........
Transducer (A) Setup (B) Pressure Up
Channel Volts Eng Channel Volts Eng
Axial DCDT 1 - - 1 1.789 0.21%
Cell Pressure 36 - - 36 0.0038 0.35 ksc
Load Cell 37 - - 37 -0.00114 0.09 kg
Pore Pressure 38, 0 - - 38, 0 -0.00219 0.02 ksc
Volume DCDT 35 - - 35 -1.8 0.00%
V. in 39 - - 39 5.522 5.49471
Date - 5/23/1999
Time -_16.48
Date Time Back Pressure se B Value Volure Strain
_____________ ____________ Increment_______ (%
5/24/1999 20.31 2.66 0.25 0.99 -1.22
Saturation Check
Values at the end of......
Transducer (C) Saturation (D) Consolidation
Channel Volts Eng Channel Volts Eng
Axial DCDT 1 1.776 0.28% 1 -0.209 9.75%
Cell Pressure 36 0.02463 3.00 ksc 36 0.04853 6.03 ksc
Load Cell 37 -0.00134 -0.03 kg 37 0.05261 26.58 kg
Pore Pressure 38, 0 -0.0229 2.66 ksc 38, 0 -0.02289 2.66 ksc
Volume DCDT 35 -1.21 -1.22% 35 0.465 9.73%
V.in 39 5.523 5.4953 39 5.522 5.49459
Date 5/24/1999 5/28/1999
Time 20.35 16.07
Values at the end of.
Transducer (E) Swelling (F) Shearing
Channel Volts Eng Channel Volts Eng
Axial DCDT 1 - - 1 -2.354 -
Cell Pressure 36 - - 36 0.04285 -
Load Cell 37 - - 37 0.06525 -
Pore Pressure 38, 0 - - 38, 0 -0.02872 -
Volume DCDT 35 - - 35 0.464 -
V. in 39 - - 39 5.521 -
Date -_5/29/1999
Time - _-
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4. Data Acquisition Files
File Name Date/Time Process Remark
TX500C 5/24/1999 Consolidation
TX500S 5/28/1999 Shearing Not use
TX500S-1 5/28/1999 Shearing-
5. Special Note
@ B compute initial effective stress a' =a, - ui = 0.33 ksc
@ C change volume DCDT zero to have Ea = Evol
New zero = (Vv-(Ea*Volume*Vino)/(CFv*100))/Vin =................ v/v
@ D for SHANSEP test be sure that
Ea > 10 %
atvmax is on for 24 hrs prior to unload, for OC test, or shear
@ D or E prior to undrained shear
close drain line for 30 and monitor Pore Pressure
PP open = -22.86 my PP closed = -22.85 my PP 30 min. = -23.11 my
6. Post Shear Measurement
Weights and Measures
Location Top Middle Bottom Total
Tare No. - - T47
Tare & Wet Soil - - 161.75
Tare & Dry soil -_- - 126.55
Tare -_- - 17.984
WC (%) - - 32.42
Note that for this sample, I dried the whole sample without
Front
7. Post Shear Specimen Dimensions
cut it to smrall pieces.
Side
1 st 2 nd 3 rd Average
Specimen Height (cm) 6.582 6.591 6.572 6.58167
Top Middle Bottom Average
3.698 4.029 3.667
Specimen Diameter (cm) 3.738 3.986 3.757 3.80400
3.740 3.995 3.626
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TX502
Project : 1-95
Boring: U6
Depth : 45-47 ft.
1. Instrumentation
Test by:
Sample:
Test Type:
Make/No. Calibration
Factor Zero
Attasit Korchaiyapruk
Boston Blue Clay
CKOUC(OC)
Zero ) Start
V. input Zero
Zero @ Fimsh
V. input
PP Transducer 38,0 -698.737 -0.00185 5.293 -0.00177 5.293
CP Transducer 36 702.466 0.00111 5.293 0.0011 5.293
Load Cell 37 2718.57 -0.00119 5.293 -0.00116 5.293
Axial DCDT 1 -2.13266 1.808 5.293 - -
Volume DCDT 35 -9.343681 -1.95 5.293 - -
V. input 39 - - - - -
1st Internal S.M. 2 -0.025418 - - - -
2nd Internal S.M. 3 -0.023514 - - - -
Cell No. : MIT-05 Cell Fluid: Silicone Oil
Filter Paper: Eight Vertical 1/4" X 3 /4" Pore Fluid : Distilled Water
Membranes : 2 thins
Torvane Test Results
No. / Test Location Top Bottom
1 0.520 0.500
2 0.500 0.500
3 0.500 0.475
Average 0.507 0.492
2. Specimen Data Weights and Measures
Location Top (P) Middle (P) Bottom (P) Bottom Total
Tare No. L18 15 AMK J16 -
Tare & Wet Soil 33.91 67.6 42.67 44.79 188.97
Tray & Dry Soil 27.95 54.83 34.65 34.91 152.34
Tare 9.534 18.03 12.386 11.069 51.019
Wc (%) 32.36 34.70 36.02 41.44 36.15
Specimen Height (c 81st 2 nd 3 rd AverageSpcienHegh (m) 8.101 8.088 8.113 8.100666667
Top Middle Bottom Average
Specimen Diameter 3.588 3.588 3.509
(cm 3) 3.595 3.617 3.529 3.57467
3.608 3.616 3.522
Tare + Specimen (g) 207.46
Tare + Wax Paper (g) 52.82
Specimen (g) 154.64
Estimated so (k c) 0.5
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3. Process Documentation
Values at the end of.......
Transducer (A) Setup (B) Pressure Up
Channel Volts Eng Channel Volts Eng
Axial DCDT 1 - - 1 1.763 0.21%
Cell Pressure 36 - - 36 0.00494 0.50 ksc
Load Cell 37 - - 37 -0.0012 0.10 kg
Pore Pressure 38,0 - - 38,0 -0.0019 0.00 ksc
Volume DCDT 35 - - 35 1.909 -0.01%
V. in 39 - - 39 5.292 5.2659
Date _ 6/8/1999
Time - 21.53
Date Time Back Pressure Pressure B Value Volume Strain
_________ _____Increment ___%)___
6/9/1999 23.25 2.97 0.25 1.06 -1.53
Saturation Check
Values at the end of.
Transducer (C) Saturation (D) Consolidation
Channel Volts Eng Channel Volts Eng
Axial DCDT 1 1.754 0.25% 1 0.035 8.81%
Cell Pressure 36 0.02753 3.50 ksc 36 0.0531 6.89 ksc
Load Cell 37 -0.00143 3.50 ksc 37 0.0631 10.19 ksc
Pore Pressure 38, 0 -0.02436 2.99 ksc 38.0 -0.02533 3.10 ksc
Volume DCDT 35 -1.282 -1.53% 35 0.263 8.79%
V. in 39 5.292 5.26588 39 5.292 5.26604
Date 6/9/1999 6/13/1999
Time 23.30 15.10
Values at the end of.......
Transducer (E) Swelling (F) Shearing
Channel Volts Eng Channel Volts Eng
Axial DCDT 1 0.132 8.33% 1 -2.055 19.22%
Cell Pressure 36 0.04256 5.49 ksc 36 0.04257 5.50 ksc
Load Cell 37 0.01688 6.43 ksc 37 0.06262 8.42 ksc
Pore Pressure 38, 0 -0.02292 2.77 ksc 38,0 -0.03416 4.20 ksc
Volume DCDT 35 0.441 8.41% 35 0.438 8.41%
V. in 39 5.293 5.26669 39 5.293 5.26645
Date 6/14/1999 6/15/1999
Time 13.51 11.12
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4. Data Acquisition Files
File Name Date/Time Process Remark
TX502C 6/9/1999 Consolidation
TX502S 6/14/1999 Shearing
5. Special Note
@ B compute initial effective stress a', =c - ui = 0.50 ksc
@ C change volume DCDT zero to have Ea = Evoi
New zero = (Vv-(Ea*Volume*Vino)/(CFv*100))/Vin =................ v/v
@ D for SHANSEP test be sure that
ea > 10%
Gfvmax is on for 24 hrs prior to unload, for OC test, or shear
@ D or E prior to undrained shear
close drain line for 30 and monitor Pore Pressure
PP open = -22.93 my PP closed = -22.84 my PP 30 min. = -22.99 my
6. Post Shear Measurement
Weights and Measures
Location Top Middle Bottom Total
Tare No. - - - T93
Tare & Wet Soil - - - 164.6
Tare & Dry soil - - - 130.99
Tare - - - 17.9389
We (%) - - - 29.73
Note that for this sample, I dried the whole sample without cut it to small pieces.
I---I
£ I
* I
* I
I I
I I
I I
I I
* I
I...
Front Side
7. Post Shear Specimen Dimensions
1st 2 nd 3 rd AverageSpecimen Height (cm) 6.618 6.604 6.608 6.610
Top Middle Bottom Average
3.744 3.982 3.696
Specimen Diameter (cm) 3.704 3.988 3.685 3.797
3.706 3.958 3.710
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Appendix B
Fortran Source Code for New Subroutines
Extend.f
This Appendix presents the source code written in Fortran language for the new
subroutines used in the newly developed element simulation program. The author
publishes these codes for the research purpose only. Any uses of these codes for any
engineering or other applications are subject to the user own risks. The author assumes no
responsibility on any consequences and damages from using or applying these codes.
- c --------------------------------------------
c The following subroutines are used for simulation of sample disturbance
c and to provide flexibility of element simulation in the sense of stopping
c points and process during sampling and consolidation and etc.
c
c Written by Attasit Korchaiyapruk
c November 16, 1999
c Massachusetts Institute of Technology
c Department of Civil and Environmental Engineering
c
c This subroutine can be seperated into two main parts. The first part is
c used for consolidation along 1-D VCL to satisfy the correct simulation
c approach. The soil will, then, be subjected to 1-D swelling at the
c preconsolidation pressure.
c
c The second part is used for sample disturbance simulation. The standard
c process of sample disturbance assumed in this subroutine can be written as
c 1% TC + 2% TE + 1% TC + TE until the shear stress is fully release + HSS
c --------------------------------------------
c
subroutine sampledisturbance(eyy,Srr,svn,QQ,PP,xmod,duml,dum2,
1 dum3,dum4,dum5,con,check,itotpon,S 1,SOCT,kkk)
c
c ----------------------
c eyy = Vertical Strain
c Srr = Horizontal Effective Stress
c svn = Vertical Effective Stress
c QQ= q
c PP =p'
c xmod= G
c dum = dummy
c ----------------------
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cimplicit real*8(a-h,o-z)
integer itot,kkk
double precision eyy,Srr,svn,QQ,PP,xmod,pon,con,S 1,SOCT
c dimension dum(10)
c
c print*, itot
if(check.eq.0.dO) then
print *, "
print *, '- --- Specify SDS Simulation Input ------- '
write(6, 1)
1 format(' Press 1 to begin with',
1 'the stress point at the tip of Bounding surface')
read(5,*) dumI
c
if(dum L.eq. 1.dO) then
write(6,2)
2 format(' Input the end point for 1-D consolidation along',
1 'the VCL and 1-D swelling :(A,B)')
read(5,*) dum3,dum4
else
goto 10
endif
c
10 print*, 'Press 1 if you want to do Sample Disturbance Simulation'
read(5,*) dum2
if(dum2.eq. 1.dO) then
write(6,3)
3 format(' Input your stress at the stopping point for',
1 ' sample disturbance simulation')
read(5,*) dum5
check=1
else
check=1
goto 20
endif
else
goto 20
endif
c
c --------------------------------------------------------
c Beginning of the loop control program
c dum(1) = Begin at the tip of Bounding Surface
c dum(2) = Process the Sample Disturbance Simulation
c dum(3) = Preconsolidation Pressure
c dum(4) = Beginning Point for T-Simulation after 1-D Swelling
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c dum(5) = Stopping Stress after Sample Disturbance Simulation
c ---------------------------------------------------------------------
c
20 if(dum L.eq. 1.d0) then
goto 100
else
goto 200
endif
C
100 if(itot.eq.0) then
if(svn.ge.dum3) then
con=1.dO
print*, 'Stop 1-D Consolidation along the VCL'
c print*, itot
goto 1111
else
con=2.dO
endif
endif
c
150 if(itot.eq.1) then
if(svn.le.dum4) then
con=1.dO
print*, 'Stop 1-D Swelling from the Preconsolidation Pressure'
goto 1111
else
con=2.dO
endif
else
con=2.dO
endif
c
200 if(dum2.eq.l.dO) then
goto 300
else
goto 1111
endif
C
300 if(pon.ne.l.dO) then
if(itot.eq.5) then
C print*, itot
if(QQ.le.0.dO.or.S1.le.0.dO) then
print*, 'Complete release shear stress. Process HSS'
if(SOCT.le.dum5)kkk= 1
con=1.dO
goto 1111
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else
goto 1111
endif
endif
400 if(itot.eq.6) then
if(SOCT.le.dum5) then
print*, 'Stop sample disturbance simulation'
con=1.dO
pon=1.dO
else
con=2.dO
endif
endif
endif
1111 return
end
C
C ---------- --------------------------------------
subroutine bounding-draw(bbl,alpha2,SIG,bssl,bss2,ionjon,
1 itot,nosets,cee,cdum,cdum I,cdum2)
c ---------- --------------------------------------
c This subroutine is written intended to draw bounding surface at the
c begining of each step or at any particular stress. The subroutine may
c nedd adjustments depending on the result that user need to obtain.
c
c Written by Attasit Korchaiyapruk
c November 19,1999
C
c Note that this subroutine will produce the bounding surface at the
c beginning of each step only.
c --------------------------------------------
implicit real*8(a-h,o-z)
c
if(ion.eq.1) then
open (unit=80, file='bounding.res',status='unknown')
write(80,*)'sOCT bss(1)'
ion=2
endif
c -----------------------------------------------
c sOCT = Octahedral Stress (used as an index for calculation of S1
c bss 1 and bss2 = S1 at varying Octahedral Stress on the Yield Surface
c cdum = c = semi axis ratio of the ellipse (ttprop(6))
c ------ ---------------------------------------------
c cdum=866.d-3
cdum=cee
if(jon.eq.1) then
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SIG=0.dO
bss 1 =0.d0
write(80,5)SIG,bss 1
5 format(2f 12.7)
SIG=1.d-3
c write(6,10) alpha2,SIG,cdum
10 format(3f7.4)
do 99 i=1,1000
SIG=SIG+I.d-2
cdum2=cdum*SIG*(alpha2-SIG)
if(cdum2.gt.0) then
cdum 1 =dsqrt(cdum2)
bss1=(SIG*bbl)-cdum1
write(80,80)SIG,bss 1
80 format(2f 12.7)
endif
99 continue
SIG=alpha2
bss2=bbl*alpha2
write(80,250) SIG,bss2
250 format(2f 12.7)
do 200 i=1,1000
SIG=SIG-1.d-2
cdum2=cdum*SIG*(alpha2-SIG)
if(cdum2.gt.0) then
cdum 1 =dsqrt(cdum2)
bss2=(SIG*bb 1)+cdum 1
write(80, 1 00)SIG,bss2
100 format(2f 12.7)
endif
200 continue
write(80,*)
c SIG=SIG+2.d-1
c cdum2=cdum*SIG*(alpha2-SIG)
c if(cdum2.gt.0) then
c cdum 1 =dsqrt(cdum2)
c bss 1 =(SIG*bb 1)-cdum 1
c bss2=(SIG*bb 1)+cdum 1
c write(80,300)SIG,bbs l,bbs2
c 300 format(3f 12.7)
c endif
endif
jon=2
c
if(itot.ge.nosets)then
close(unit=80)
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endif
return
end
c
c ---------------------------------------------------
c
subroutine CCUDdraw(astrain,ey,svn,SOCT,itot,rvoid,dey,
1 ion2,nosets,itotC,itotUD,astrain2,QQ,PP,QP,svcc,Qsvcc,
2 Srr,shcc)
c -------- --------------------------------
c This subroutine provides data for compression curve plot and undrained
c shear behavior plot. The plots are based on axial strain and
c log(Effective Octahedral or Vetical stress) and other values.
c This subroutine was written to avoid difficulty arose from the SDS
c when plot in Kaliedagraph due to various changes in strain prior the
c real 1-D consoidation and undrained shearing phase.
c
c Written by Attasit Korchaiyapruk
c December 5, 1999
c ---------------------------------------
implicit real*8(a-h,o-z)
double precision QP,svcc,Qsvcc,dey,astrain2,Srr,shcc,QQ
c ----------------------------------
c Descriptions of the variables used in this subroutine
c itotC = step number at the beginning of the desire
c 1-D consolidation
c itotUD = step number at the beginning of the desire undrained
c shearing process
c atrain, atrain2 = axial strain start calculated at the beginning of
c itotC and itotUD step
c Qsvcc = q/s'VC
c Qp = q/p'
c svcc = Vertical Effective Stress at the end of 1-D consolidation
c -----------------------------
if(ion2.eq. 1) then
open(unit=8 1, file='ccdraw.res',status='unknown')
write(81,*)'AxialStrain VoidRatio sOCT sYY'
open(unit=82, file='uddraw.res',status='unknown')
write(82,*)'Ea VoidRatio sOCT sYY sHH q/p Q/svcc svcc shcc'
ion2=2
endif
c
if(itot.ge.itotC.and.itot. lt.itotUD)then
astrain=astrain+100.dO*dey
write(8 1,1 OO)astrain,rvoid,SOCT,svn
100 format(4f 12.7)
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endif
c
if(ion2.eq.2.and.itot.lt.itotUD)then
svcc=svn
shcc=Srr
else
ion2=3
endif
c
if(itot.ge.itotUD)then
close(unit=8 1)
astrain2=astrain2+1 OO.dO*dey
QP=QQ/PP
Qsvcc=QQ/svcc
write(82,200)astrain2,rvoid,SOCT,svn,Srr,QP,Qsvcc,svcc,shcc
200 format(9f 12.7)
endif
c
if(itot.ge.nosets) then
close(unit=82)
endif
return
end
c -----------------------------------------------------------------------------------------
c -----------------------------------------------------------------------------------------
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Appendix C
Input Files for The Element Simulation Program
e3_09 or e3_09.dat
This Section presents the input file e3_09 used for the MIT-E3 soil model.
Basically, three sets of input parameters are provided for each element, except as shown
otherwise, including the original input parameters, the consolidation Best Fit input
parameters, the undrained shearing and consolidation Best Fit input parameters. The author
publishes these sets of input parameters for the research purpose only. Any uses of these
sets of input parameters for the designing and analyses proposes are subject to the user
own risks. The author assumes no responsibility on any consequences and damages from
using or applying these sets of input parameters.
0.2880, 2.415, 0.001, 0.9316,
1.6535, 0.860, 100.dO,
0.2388, 0.9619,
1.6, 22.0,
0.5, 0.2, 4.50, 0.07,
!! Boston Blue Clay: TX485 Original!!
0.4000, 3.200, 0.001, 0.9316,
1.6535, 0.860, 23.dO,
0.2388, 0.9619,
1.6, 22.0,
0.5, 0.2, 4.50, 0.07,
!! Boston Blue Clay: TX485 Consolidation Best Fit!!
0.4000, 3.200, 0.001, 0.9316,
1.6535, 0.770, 23.dO,
0.2388, 0.9619,
1.6, 22.0,
0.5, 0.2, 2.00, 1.40,
!! Boston Blue Clay: TX485 BestFit for Consolidation and Undrained Shearing Upto
4% Strain !!
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0.21279, 2.275, 0.001, 0.8148,
1.8586, 0.860, 100.dO,
0.2388, 0.9619,
1.6, 22.0,
0.5, 0.2, 4.50, 0.07,
!! Boston Blue Clay: TX486 Original!!
0.3000, 3.000, 0.001, 0.8148,
1.8586, 0.800, 20.dO,
0.2388, 0.9619,
1.6, 22.0,
0.5, 0.2, 2.00, 1.30,
!! Boston Blue Clay: TX486 BestFit Parameters for both Consolidation and Undrained
Shearing !!
0.3200, 2.415, 0.001, 0.8970,
1.7086, 0.860, 100.dO,
0.1409, 0.7793,
1.6, 22.0,
0.5, 0.2, 4.50, 0.07,
!! Boston Blue Clay: TX488 Original!!
0.3800, 2.800, 0.001, 0.8970,
1.7086, 0.530, 3.dO,
0.2388, 0.9619,
1.6, 22.0,
0.1, 0.2, 2.60, 1.00,
!! Boston Blue Clay: TX488 Undrained Shearing BestFit!!
0.3800, 2.800, 0.001, 1.000,
1.7086, 0.530, 3.dO, !!With psi = 3
0.2388, 0.9619,
1.6, 27.0,
0.1, 0.2, 2.60, 1.00,
!! Boston Blue Clay: TX488 BestFit for Consolidation and Undrained Shearing
Behavior !!
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0.3800, 3.300, 0.001, 1.000,
1.7086, 0.540, 20.dO, !!With psi = 20
0.2388, 0.9619,
1.6, 29.0,
0.11, 0.2, 2.50, 1.20,
!! Boston Blue Clay: TX488 BestFit for Consolidation and Undrained Shearing
Behavior !!
0.7373, 2.710, 0.001, 1.4145,
1.1648, 0.860, 100.dO,
0.2995, 1.0658,
1.6, 22.0,
0.5, 0.2, 4.50, 0.07,
!! Boston Blue Clay: TX489 Original!!
0.7373, 3.600, 0.001, 1.4145,
1.1648, 0.860, 10.dO,
0.2995, 1.0658,
1.6, 22.0,
0.5, 0.2, 4.50, 0.07,
!! Boston Blue Clay: TX489 Consolidation BestFit!!
0.7373, 3.400, 0.001, 1.4145,
1.1648, 0.730, 10.dO,
0.2995, 1.0658,
1.6, 26.0,
0.5, 0.2, 3.00, 2.00,
!! Boston Blue Clay: TX489 Consolidation and Undrained Shearing BestFit until 2% axial
strain !!
0.2261, 2.400, 0.001, 0.8085,
1.8714, 0.860, 100.d0,
0.1657, 0.8075,
1.6, 22.0,
0.5, 0.2, 4.50, 0.07,
!! Boston Blue Clay: TX492 Original (Extension Test) !!
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0.2261, 2.400, 0.001, 0.8085,
1.8714, 0.860, 55.dO,
0.1657, 0.8075,
1.6, 22.0,
0.5, 0.2,4.50, 0.07,
!! Boston Blue Clay: TX492 BestFit Consolidation!!
0.2261, 2.400, 0.001, 0.8085,
1.8714, 0.730, 55.dO,
0.1657, 0.8075,
1.6, 28.0,
0.5, 0.2,4.50, 0.60,
!! Boston Blue Clay: TX492 BestFit for Both Consolidation and US !!
0.1876, 2.170, 0.001, 1.0262,
1.5215, 0.860, 100.dO,
0.1657, 0.8075,
1.6, 22.0,
0.5, 0.2,4.50, 0.07,
!! Boston Blue Clay: TX495 Original (OCRs of 2)!!
0.2200, 2.700, 0.001, 1.0262,
1.5215, 0.860, 40.dO,
0.1657, 0.8075,
1.6, 22.0,
0.5, 0.2,4.50, 0.07,
!! Boston Blue Clay: TX495 Original (OCRs of 2) Consolidation BestFit!!
0.2200, 2.700, 0.001, 1.0262,
1.5215, 0.570, 40.dO,
0.1657, 0.8075,
1.6, 28.0,
0.15, 0.2, 2.00, 1.00,
!! Boston Blue Clay: TX495 Original (OCRs of 2) US BestFit!!
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0.1118, 1.970, 0.001, 1.0037,
1.5506, 0.860, 100.dO,
0.1079, 0.8663,
1.6, 22.0,
0.5, 0.2, 4.50, 0.07,
!! Boston Blue Clay: TX496 Original (Extension Test)!!
0.1200, 2.400, 0.0007, 1.0037,
1.5506, 0.860, 60.dO,
0.1079, 0.8663,
1.6, 22.0,
0.5, 0.2, 4.50, 0.07,
!! Boston Blue Clay: TX496 Consolidation BestFit!!
0.1200, 2.400, 0.0007, 1.0037,
1.5506, 0.700, 60.dO,
0.1079, 0.8663,
1.6, 22.0,
0.5, 0.2, 3.00, 1.00,
!! Boston Blue Clay: TX496 Best Fit for both Consolidation and Undrained Shearing
Behavior!!
0.1459, 2.115, 0.001, 0.9176,
1.67525, 0.860, 100.dO,
0.1079, 0.8663,
1.6, 22.0,
0.5, 0.2, 4.50, 0.07,
!! Boston Blue Clay: TX500 Original!!
0. 1459, 2.115, 0.001, 0.9176,
1.67525, 0.860, 60.dO,
0.1079, 0.8663,
1.6, 22.0,
0.5, 0.2, 4.50, 0.07,
!! Boston Blue Clay: TX500 Best Fit consolidation!!
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0.1459, 2.300, 0.001, 0.9176,
1.67525, 0.600, 60.dO,
0.1079, 0.8663,
1.6, 22.0,
0.5, 0.2, 1.00, 1.50,
!! Boston Blue Clay: TX500 BestFit Parameter for Consolidation and Shear upto 3%
Strain !!
0.1515, 2.075, 0.001, 1.0224,
1.5263, 0.860, 100.dO,
0.1364, 0.9203,
1.6, 22.0,
0.5, 0.2, 4.5, 0.07,
!! Boston Blue Clay: TX502 Original!!
0.1515, 2.075, 0.001, 1.0224,
1.5263, 0.860, 60.dO,
0.1364, 0.9203,
1.6, 22.0,
0.5, 0.2, 4.5, 0.07,
!! Boston Blue Clay: TX502 BestFit Consolidation!!
0.1515, 2.075, 0.001, 1.0224,
1.5263, 0.800, 60.dO,
0.1364, 0.9203,
1.4, 29.0,
0.30, 0.2, 1.80, 0.01,
!! Boston Blue Clay: TX502 Undrained Shearing BestFit!!
0.1515, 2.300, 0.001, 1.0224,
1.5263, 0.790, 60.dO,
0.1364, 0.9203,
1.4, 29.0,
0.50, 0.2, 1.95, 0.01,
!! Boston Blue Clay: TX502 Consolidation and Undrained Shearing BestFit!!
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e3_28 or e3_28.dat
This Section presents the input file e3_28 used for the MIT-E3 soil model. The
author publishes these sets of input parameters for the research purpose only. Any uses of
these sets of input parameters for the designing and analyses proposes are subject to the
user own risks. The author assumes no responsibility on any consequences or damages
from using or applying these sets of input parameters.
TX485 Simulation
1.0000,0.4938,0.0,0.0
1,
0.5001,0.2469,0.0,0.0
1.0000,0.4938,0.0,0.0
0.5001,0.2469,0.0,0.0
16, !!1-D Compression from s'OCT = 1.00 ksc + Sample Disturbance Simulation
10000,
0., 0.00001, 0., 0., 0., 0.,
1.d-7,
10000,
0., -0.00001, 0., 0., 0., 0.,
1.d-7,
100,
-0.00005, 0.0001,
1.d-7,
200,
0.00005, -0.0001,
1.d-6,
100,
-0.00005, 0.0001,
1.d-6,
100,
0.00005, -0.0001,
1.d-6,
500,
!-D Consolidation
!!l-D Swelling
-0.00005, 0., 0., 0.,
0.00005, 0., 0., 0.,
-0.00005, 0., 0., 0.,
0.00005, 0., 0., 0.,
-0.0001, -0.0001, -0.0001, 0., 0., 0.,
L.d-6,
5,
0., 0.00000001, 0., 0., 0., 0.,
L.d-7,
5,
0., 0.000000 1, 0., 0., 0., 0.,
L.d-6,
9,
0., 0.000001, 0., 0., 0., 0.,
!!Undrained Compression
!!Undrained Extension
!!Undrained Compression
!!Undrained Extension
!Hydrostatic Swelling
!!I -D Consolidation
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1.d-5,
20,
0., 0.0000 1, 0., 0., 0., 0.,
1.d-5,
70,
0., 0.0001,
1.d-5,
110,
0., 0.001, C
1.d-5,
0., 0., 0., 0.,
., 0., 0., 0.,
100,
-0.00001, 0.00002, -0.00001, 0., 0., 0.,
1.d-7,
300,
-0.000 1, 0.0002, -0.0001, 0., 0., 0.,
1.d-6,
50,
-0.001, 0.002, -0.001, 0., 0., 0.,
1.d-6,
TX486 Simulation
1.0000,0.4393,0.0,0.0
1,
0.5001,0.2197,0.0,0.0
1.0000,0.4393,0.0,0.0
!Real OCR= 1.0, Konc=0.569
!!Sigmavo=2.68
!!Sigmai input
0.5001,0.2197,0.0,0.0
16, !! I -D Compression from s'OCT = 1.00 ksc + Sample Disturbance Simulation
10000,
0., 0.00001, 0., 0., 0., 0.,
1.d-7,
10000,
0., -0.0000 1, 0., 0., 0., 0.,
I.d-7,
100,
-0.00005, 0.0001, -0.00005, 0., 0., 0
1.d-7,
200,
0.00005, -0.0001, 0.00005, 0., 0., 0
1.d-6,
100,
-0.00005, 0.0001, -0.00005, 0., 0., 0.,
1.d-6,
!! -D Consolidation
!! -D Swelling
., !!Undrained Compression
!!Undrained Extension
!!Undrained Compression
-291-
!!TC
100,
0.00005, -0.0001, 0.00005, 0., 0., 0.,
1.d-6,
!!(Shear Stress Releasing)
500,
-0.0001, -0.0001, -0.0001, 0., 0., 0.,
1.d-6,
5,
0., 0.0000000 1, 0., 0., 0., 0.,
1.d-7,
5,
0., 0.0000001, 0., 0., 0., 0.,
1.d-6,
50,
0., 0.000001, 0., 0., 0., 0.,
1.d-5,
90,
0., 0.00001, 0., 0., 0., 0.,
1.d-5,
30,
0., 0.000 1, 0., 0., 0., 0.,
1.d-5,
100,
0., 0.001, 0., 0., 0., 0.,
1.d-5,
18,
0.00001, -0.00002, 0.00001, 0., 0., 0.,
1.d-7,
45,
0.0001, -0.0002, 0.0001, 0., 0., 0.,
1.d-6,
50,
0.001, -0.002, 0.001, 0., 0., 0.,
1.d-6,
TX488 Simulation
1.0000,0.4779,0.0,0.0
1,
0.5001,0.2389,0.0,0.0
1.0000,0.4779,0.0,0.0
!!Undrained Extension
!Hydrostatic Swelling
!! -D Consolidation
!!TE
!!Real OCR=1.0, Konc=0.569
!!Sigmavo=2.68
!!Sigmai input
0.5001,0.2389,0.0,0.0
17, !!l-D Compression from s'OCT = 1.00 ksc + Sample Disturbance Simulation
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10000,
0., 0.0000 1, 0., 0., 0., 0.,
1.d-7,
10000,
0., -0.00001, 0., 0., 0., 0.,
L.d-7,
100,
-0.00005, 0.0001, -0.00005, 0., 0., (
1.d-7,
200,
0.00005, -0.0001, 0.00005, 0., 0., 0.,
1.d-6,
100,
-0.00005, 0.0001, -0.00005, 0., 0., 0.,
1.d-6,
100,
0.00005, -0.0001, 0.00005, 0., 0., 0.,
1.d-6,
500,
-0.0001, -0.0001, -0.0001, 0., 0., 0.,
1.d-6,
5,
0., 0.00000001, 0., 0., 0., 0.,
1.d-7,
60,
0., 0.0000001, 0., 0., 0., 0.,
1.d-6,
50,
0., 0.000001,
1.d-5,
40,
!! 1 -D Consolidation
!!l -D Swelling
., !!Undrained Compression
!!Undrained Extension
!!Undrained Compression
!!Undrained Extension
!Hydrostatic Swelling
!!I-D Consolidation
0., 0., 0., 0.,
0., 0.00001, 0., 0., 0., 0.,
1.d-5,
40,
0., 0.0001, 0., 0., 0., 0.,
1.d-5,
110,
0., 0.00 1, 0., 0., 0., 0.,
1.d-5,
457,
0., -0.0000
1.d-7,
300,
-0.00001, (
1.d-7,
50,
1, 0., 0., 0., 0.,
0.00002, -0.00001, 0., 0., 0., !!TC
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-0.0001, 0.0002, -0.000 1, 0., 0., 0.,
1.d-6,
50,
-0.001, 0.002, -0.001, 0., 0., 0.,
1.d-6,
TX489 Simulation
1.0000,0.7009,0.0,0.0
1,
0.5001,0.3505,0.0,0.0
1.0000,0.7009,0.0,0.0
0.5001,0.3505,0.0,0.0
16, !! -D Compression
10000,
0., 0.00001, 0., 0., 0., 0.,
1.d-7,
10000,
0., -0.00001, 0., 0., 0., 0.,
1.d-7,
100,
-0.00005, 0.0001,
1.d-7,
200,
!!Real OCR=1.0, Konc=0.569
!!Sigmavo=2.68
!!Sigmai input
from s'OCT = 1.00 ksc + Sample Disturbance Simulation
!! -D Consolidation
!!I-D Swelling
-0.00005, 0., 0., 0.,
0.00005, -0.0001, 0.00005, 0., 0., 0.,
1.d-6,
100,
-0.00005, 0.0001, -0.00005, 0., 0., 0.,
1.d-6,
100,
0.00005, -0.0001, 0.00005, 0., 0., 0.,
1.d-6,
500,
-0.0001, -0.0001, -0.0001, 0., 0., 0.,
L.d-6,
4,
0., 0.0000000 1, 0., 0., 0., 0.,
1.d-7,
3,
0., 0.000000 1, 0., 0., 0., 0.,
L.d-6,
0,
0., 0.000001, 0., 0., 0., 0.,
!!Undrained Compression
!!Undrained Extension
!!Undrained Compression
!!Undrained Extension
!Hydrostatic Swelling
!! -D Consolidation
- 294 -
1.d-5,
60,
0., 0.0000 1, 0., 0., 0., 0.,
1.d-5,
10,
0., 0.0001, 0., 0., 0., 0.,
1.d-5,
120,
0., 0.00 1, 0., 0., 0., 0.,
1.d-5,
10,
-0.00001, 0.00002, -0
1.d-7,
45,
.00001, 0., 0., 0.,
-0.000 1, 0.0002, -0.0001, 0., 0., 0.,
1.d-6,
60,
-0.001, 0.002, -0.001, 0., 0., 0.,
1.d-6,
TX492 Simulation
1.0000,0.4363,0.0,0.0
1,
!!Real OCR=1.0, Konc=0.569
!!Sigmavo=2.68
0.5001,0.2181,0.0,0.0 !!Sigmai input
1.0000,0.4363,0.0,0.0
0.5001,0.2181,0.0,0.0
16, !!1-D Compression from s'OCT = 1.00 ksc + Sample Disturbance Simulation
10000,
0., 0.0000 1, 0., 0., 0., 0.,
1.d-7,
10000,
0., -0.0000 1, 0., 0., 0., 0.,
1.d-7,
100,
-0.00005, 0.0001, -0.00005, 0., 0., 0
1.d-7,
200,
0.00005, -0.0001, 0.00005, 0., 0., 0.,
1.d-6,
100,
-0.00005, 0.0001, -0.00005, 0., 0., 0.,
1.d-6,
!!1-D Consolidation
!!I-D Swelling
., !!Undrained Compression
!!Undrained Extension
!!Undrained Compression
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!!TC
100,
0.00005, -0.0001, 0.00005, 0., 0., 0.,
1.d-6,
!!(Shear Stress Releasing)
500,
-0.0001, -0.0001, -0.0001, 0., 0., 0.,
1.d-6,
10,
0., 0.00000001, 0., 0., 0., 0.,
1.d-7,
30,
0., 0.0000001, 0., 0., 0., 0.,
1.d-6,
20,
0., 0.000001, 0., 0., 0., 0.,
1.d-5,
80,
0., 0.00001, 0., 0., 0., 0.,
1.d-5,
30,
0., 0.0001, 0., 0., 0., 0.,
1.d-5,
100,
0., 0.001, 0., 0., 0., 0.,
1.d-5,
48,
0.00001, -0.00002,
1.d-7,
0.00001, 0., 0., 0.,
!Undrained Extension
!Hydrostatic Swelling
!-D Consolidation
!!TE
25,
0.0001, -0.0002, 0.0001, 0., 0., 0.,
1.d-6,
90,
0.001, -0.002, 0.00 1, 0., 0., 0.,
1.d-6,
TX495 Simulation
1.0000,0.5366,0.0,0.0
1,
0.5001,0.2683,0.0,0.0
!!Real OCR=1.0, Konc=0.569
!!Sigmavo=2.68
!!Sigmai input
1.0000,0.5366,0.0,0.0
0.5001,0.2683,0.0,0.0
17, !!l-D Compression from s'OCT = 1.00 ksc + Sample Disturbance Simulation
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10000,
0., 0.0000 1, 0., 0., 0., 0.,
1.d-7,
10000,
0., -0.00001, 0., 0., 0., 0.,
1.d-7,
100,
-0.00005, 0.0001, -0.00005, 0., 0., (
1.d-7,
200,
0.00005, -0.0001, 0.00005, 0., 0., 0.
1.d-6,
100,
-0.00005, 0.0001, -0.00005, 0., 0., 0.,
1.d-6,
100,
0.00005, -0.0001, 0.00005, 0., 0., 0.,
1.d-6,
500,
-0.0001, -0.0001, -0.0001, 0., 0., 0.,
1.d-6,
1,
0., 0.00000001, 0., 0., 0., 0.,
1.d-7,
8,
0., 0.0000001, 0., 0., 0., 0.,
L.d-6,
3,
0., 0.000001, 0., 0., 0., 0.,
L.d-5,
80,
0., 0.00001, 0., 0., 0., 0.,
L.d-5,
10,
0., 0.000
1.d-5,
110,
!!I -D Consolidation
!!1-D Swelling
., !!Undrained Compression
!!Undrained Extension
!!Undrained Compression
!!Undrained Extension
!Hydrostatic Swelling
!!I -D Consolidation
1, 0., 0., 0., 0.,
0., 0.001, 0., 0., 0., 0.,
1.d-5,
498,
0., -0.00001, 0., 0., 0., 0.,
L.d-6
7,
-0.00001, 0.00002,
L.d-7,
44,
-0.00001, 0., 0., 0.,
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!!TC
-0.0001, 0.0002, -0.0001, 0., 0., 0.,
1.d-6,
65,
-0.00 1, 0.002, -0.001, 0., 0., 0.,
1.d-6,
TX496 Simulation
1.0000,0.5265,0.0,0.0
1,
0.5001,0.2633,0.0,0.0
1.0000,0.5265,0.0,0.0
0.5001,0.2633,0.0,0.0
!Real OCR= 1.0, Konc=0.569
!!Sigmavo=2.68
!!Sigmai input
16, !!1-D Compression from s'OCT = 1.00 ksc + Sample Disturbance Simulation
10000,
0., 0.00001, 0., 0., 0., 0.,
1.d-7,
10000,
0., -0.0000 1, 0., 0., 0., 0.,
1.d-7,
100,
-0.00005, 0.0001, -0.00005, 0., 0., C
1.d-7,
200,
0.00005, -0.0001, 0.00005, 0., 0., 0.,
1.d-6,
100,
-0.00005, 0.0001, -0.00005, 0., 0., 0.,
1.d-6,
100,
0.00005, -0.0001, 0.00005, 0., 0., 0.,
1.d-6,
!!(Shear Stress Releasing)
500,
-0.0001, -0.0001, -0.0001, 0., 0., 0.,
1.d-6,
3,
0., 0.00000001, 0., 0., 0., 0.,
L.d-7,
2,
0., 0.0000001, 0., 0., 0., 0.,
1.d-6,
!!I -D Consolidation
!!I-D Swelling
., !!Undrained Compression
!!Undrained Extension
!!Undrained Compression
!!Undrained Extension
!Hydrostatic Swelling
!!1 -D Consolidation
- 298 -
1,
0., 0.000001, 0., 0., 0., 0.,
1.d-5,
5,
0., 0.00001, 0., 0., 0., 0.,
L.d-5,
70,
0., 0.0001, 0., 0., 0., 0.,
L.d-5,
70,
0., 0.001, 0., 0., 0., 0.,
1.d-5,
39,
0.00001, -0.00002, 0.00001, 0., 0., 0.,
1.d-7,
35,
0.0001, -0.0002, 0.000 1, 0., 0., 0.,
1.d-6,
35,
0.001, -0.002, 0.001, 0., 0., 0.,
L.d-6,
TX500 Simulation
1.0000,0.4874,0.0,0.0
1,
0.5001,0.2437,0.0,0.0
1.0000,0.4874,0.0,0.0
!!Real OCR=1.0, Konc=0.569
!!Sigmavo=2.68
!!Sigmai input
0.5001,0.2437,0.0,0.0
16, !! I -D Compression from s'OCT = 1.00 ksc + Sample Disturbance Simulation
10000,
0., 0.00001, 0., 0., 0., 0.,
L.d-7,
10000,
0., -0.00001, 0., 0., 0., 0.,
L.d-7,
100,
-0.00005, 0.000
L.d-7,
200,
!! 1 -D Consolidation
!! 1 -D Swelling
1, -0.00005, 0., 0., 0.,
0.00005, -0.0001, 0.00005, 0., 0., 0.,
1.d-6,
!!Undrained Compression
!!Undrained Extension
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!!TE
100,
-0.00005, 0.0001, -0.00005, 0., 0., 0.,
1.d-6,
100,
0.00005, -0.0001, 0.00005, 0., 0., 0.,
1.d-6,
!!(Shear Stress Releasing)
500,
-0.0001, -0.0001, -0.0001, 0., 0., 0.,
1.d-6,
5,
0., 0.0000000 1, 0., 0., 0., 0.,
1.d-7,
5,
0., 0.0000001, 0., 0., 0., 0.,
1.d-6,
10,
0., 0.000001, 0., 0., 0., 0.,
1.d-5,
70,
0., 0.0000 1, 0., 0., 0., 0.,
1.d-5,
40,
0., 0.0001, 0., 0., 0., 0.,
1.d-5,
90,
0., 0.001, 0., 0., 0., 0.,
1.d-5,
220,
-0.00001, 0.00002, -0.00001, 0., 0., 0.,
L.d-7,
50,
-0.0001, 0.0002, -0.0001, 0., 0., 0.,
1.d-6,
50,
-0.001, 0.002, -0.001, 0., 0., 0.,
1.d-6,
TX502 Simulation
1.0000,0.5350,0.0,0.0
1,
!!Undrained Compression
!!Undrained Extension
!Hydrostatic Swelling
!! -D Consolidation
!!TC
!!Real OCR=1.0, Konc=0.569
!!Sigmavo=2.68
- 300 -
0.5001,0.2675,0.0,0.0
1.0000,0.5350,0.0,0.0
!!Sigmai input
0.5001,0.2675,0.0,0.0
17, !!1-D Compression from s'OCT = 1.00 ksc + Sample Disturbance Simulation
10000,
0., 0.00001, 0., 0., 0., 0.,
1.d-7,
10000,
0., -0.0000 1, 0., 0., 0., 0.,
1.d-7,
100,
-0.00005, 0.0001,
1.d-7,
200,
0.00005, -0.0001,
1.d-6,
100,
-0.00005, 0.0001,
1.d-6,
-0.00005, 0., 0., 0.,
0.00005, 0., 0., 0.,
-0.00005, 0., 0., 0.,
100,
0.00005, -0.0001, 0.00005, 0., 0., 0.,
1.d-6,
500,
-0.0001, -0.0001, -0.0001, 0., 0., 0.,
1.d-6,
7,
0., 0.00000001, 0., 0., 0., 0.,
1.d-7,
59,
0., 0.0000001, 0., 0., 0., 0.,
1.d-6,
90,
0., 0.000001, 0., 0., 0., 0.,
1.d-5,
50,
0., 0.0000 1, 0., 0., 0., 0.,
1.d-5,
50,
0., 0.0001, 0., 0., 0., 0.,
1.d-5,
80,
0., 0.001, 0., 0., 0., 0.,
1.d-5,
486,
0., -0.00001, 0., 0., 0., 0.,
L.d-6
!!1-D Consolidation
!!1-D Swelling
!!Undrained Compression
!!Undrained Extension
!!Undrained Compression
!!Undrained Extension
!!Hydrostatic Swelling
!! -D Consolidation
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